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INTRODUCTION

The NJL Plasma Formulary is a collection of formulas and reference data in a handy pocket-
sized booklet. Over thirty thousand copies of previous editions of the Formulary have been produced
and distributed during the past decade and a half. Each revision before the present one precipitated
a costly exercise in composition and layout. Finally the master became too dilapitated to use. We
decided to retypeset the whole book using T-X, the computerized typesetting system developed
by Donald Knuth of Stanford University. Although this was an arduous task, we believe that the
difficulty of preparing future editions will thereby be greatly reduced.

In recent years TEX has been widely adopted by scientists, engineers, and others to produce
(ocuments containing technical information. The typical user, like us, is an author or scientific
collaborator of the author, technically trained, computer-literate, and a clumsy typist. This user
knows exactly how the final document should look and is strongly motivated to mine from Pit
T4,'Vbook the requisite nuggets of wisdom, and to grind away as long as necessary. in order to achieve
it. Consequently, highly trained (and highly paid) people are spending a significant fraction of their
time doing what used to be regarded as clerical work. It follows that any tool that can make the
operation of using TjX more efficient is potentially valuable.

Knuth's comprehensive and very readable (if idiosyncratic) introductory manual, Thf TL;book.
(levotes about the same amount of space to the production of ruled tables as to diacritical narks
in ('entral European languages (two and a half pages). For most users, the former is by far the
more important application. Although the two examples of tables Knuth provides are illuminating
and the diligent student can learn a great deal from them, the process is time-consuming. Expe-
rience shows that most users want a portfolio of examples that they can use with a minimum of
modification as templates for their own applications.

This report is intended to partially fill that need. It contains some sixty pages of text, tables,
and displayed equations (the output from an IMAGEN 8/300 laser printer), together with the

associated 'IJX source. An enlarged copy of each page of the Formulary, identical with that which
was plotogralphically reduced for the actual book, is reprinted facing the TEX source code that
generaled it. Users can browse through the report until they come to a table or displayed equation
siiilar to the one they want to proluce, then extract from the facing page the control sequences
Ihey need. The code is largely self-contained; however, many macros are taken from the file
PROLOG. TEX. Whenever the user encounters an (apparently) undefined macro, its definition should

d be sought there. Additionally, the file POINTSIZE.TEX sets up all of the necessary font definitions
4 (1inagnified seven-lpoint fonts are used in place of the normal ten-point fonts in the Formulary, to

iprove readability after red ict ion ). These files are listed immediately following this introduction.
No claim is made thal tlie codo reprinted here is olptimum. We warrant only that the TEN

iiptit produces the oitput you see. \Wizards and ot her supernat nral beings colId possibly find n more

flexi le. I iranlspa rent. and elegant ways of printing these tables and equations. Moreover, since three
dilferevit inldividuals participated ill tile project. tHie l)rograiimning style is highly nonuniform. Vorse
still, we were learnini g a, we weit along, so the soctions tvped at the beginning of the effort are
rougher tli an those typed after we became more proficient. \Ve attemipted to go back and clean ill)
after ourselves; but demands of space precluded extensive commenting, especially in tile complex
ruIefld tables which most needed it. To partly make up for this. we selected two tables as examples
aid explained themn in some detail. These are found on pages 10 and 1.1. In spite of this. the
us,'r will pr(obably hlave to discover by experimentation why we did much of what we did. T'Fhis

report dos, however. contain a honus that mi any older scientists (like the present senior aulior)
will appreciate: a vorsion o' the Foroulary wit li print big enough to road.

'Ilie /'oruuihory iised many '11.,X tricks and short cuts in I le interest s of compact ness and speed

of iimpleiuentalion. Particularly irritating. hul unavoidable. are the many "hard-wired'" ieasure-

Manuscript appr,,v, May 9. 1987.
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nients. We adjusted sl)acing. line widths, and positions until the output looked close to our mental
pict ure. While this kind of built-in hack is not very elegant, it is quick and easy to implement, as
opposed to trying to find exactly the right macro to handle every possible case. Also, we abbre-
viated commands wherever possible to conserve space. Originally. each page was printed from a
separate file, as shown here. with separate calls to PROLOG.TEX. They have since been merged into
one file, but the older version was used for better readability. In a number of places, we have made
characters 'active': for example, the vertical bar '1' was made to stand for two ampersands ", ,' in
tables. As mentioned above. most of these abbreviations are in PROLOG.TEX.

For convenience, users with DECNET access who can reach LCP:: can copy the TCX file
for 1miy given lage. These files, the names of which have the form PAGExx.TEX, where xx is the
page numnber, as well as PROLOG.TEX and POINTSIZE.TEX, are currently located in the directory
LCP: :SYS2: [GUEST. FORMULARY]. A file containing the entire set of instructions used to compose
the formulary, FORMULARY.TEX, is also located in this directory. Users with Internet access can
ac(,ss the files throumgh aimoti yious FTP (your default will be the SYS2: [GUEST] directory, so you
nee(l to get [GUEST. FORMULARY] <filenamie>.TEX). The host name is NRL-LCP.ARPA., soon to be a
(lowaiii name LCP.NRL.MIL.

It is a pleasure to acknowledge the TEXnical assistance of Dr. Gopal Patnaik and Ken Laskvy,
Iwo val, ab e suggest ions made by Prof. Knuth, and the encouragement of Dr. Jay Boris.
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%. THIS FILE DEFINES THE MACROS USED THROUGHOUT THE FORMULARY.

7First, set up the default page sizes and magnification.

\magnification=1728
\hoffset=1 .25truein
\voffset=1 .Otruein
\hsize=6 .Otruein
\vsize=9.Otruein
\parindent=Opt

7% Get the font definitions, and set the font to magnified seveilpnint.

\input pointsize

\sevenpoint

\font\headfont~cmbxS scaled \magstep2

\font\tensorfontcmssi8
\font\cs=cmsy7

7.Now, set up all the commonly used macrc-o for the var i<1,: f i-:r.

\catr-;,de'\z=\active

\def I fW

* 7. Speci.al characters.

*\def1,A{{\h1-f A}}
* \def\A0Bf\alpha/\beta}}

\def~app{\displaystyle \approx} 0

\def \approxlt{ \kern O.35em \raise o.6ex hox$$ \kern -0. 77em \low.er OA6ex

\hbox{$\sim$} \kern O.3Sem}

\def\approxgt{\kern 0.35em \raise O.6ex \hbox{$>$} \kern -O.77em \lower Q.6ex

d \hbox{$\sim$} \kern 0.3Sem}

\def\B{{\bf B11

\def', C{{\bf C} ---l----

\e f'\Cor 1{\ del \t ime s

*\def\D{{\bf D11 NTK A SA&I

\d ef\d e I{\.nabl1al 7M

d- i r{del\cdot} Ii" ;

* ~~~\d(-f \dA it o d <N dsplay styl e~,oint }- - - - -----

defK{{hfE01

def h { \mathchar 216\msk ip-9muh1lH 1

>defTlaihd(1abah,- \mthchar26\mski-1m\llmbda}}l- ____

'def 1gightzrrw\rlhar\krn-O.Spt\joirrel\rigltrrcwI~} ~ ~ ~ w

def'.lra{ d i:-,playistyl e '\lollgrightazrow}

'\def\T{ { teris(ofrft T}}l

\def\tfcipgma{\sigma \kern-O.55em \2igma} l !
\def\ tii{'.thins-pare} L-

%I Speci3l f0iMato,

'def \1ef td ispi ayN 1f{rmedo1k ip\l-eft 1 ine{\ ndttdipaytlU1}Tii-i}

\d~f\t-1lt1W~t41WV
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\def\undertext#1 {$\underl ine{\smash{\hbox{#1}}}$}

%. Contractions and commonly used macros.

\def\bsWl\noalign{\vskip-#1}}
\def\bsk{\bigskipl

\def\H{\hangl
\def\hang{\hangindent \oldparindent}
\def\indent{\hskip \oldparindent \spacefactor=1000}

\def\innA z\hskip 20O
\def\m{$\v-Aantom {\big(j$}

\def\msk{\medskip} l
\def\N{\noindent}

\def\nocorr{\kern Opt}
\def\oldparindentf2OptI
\def\om{\omitl
\def\ov{\bar} Z{\overline}
\def\ph{\phantoml
\def\s{\strut}
\def\sk{\noalign{\smallskipI}
\def\ssk{\srnallskip}
\def\tablerule{\noal ign{\hril e}}

\ d e f\t ff{\tensor font }
\def\trule{\noalign{\hrule}}

\newcount\ts count
\def\tspart I \om}
\def\tspnd{&\cr}
\def\tska#1#2{\om&height#2&\om \tscount=#l \ifcase\tscount \or\tsend

\or\t spart\ts end
\or\tspart\tspart\tsend
\or\tspart\tspart\tspart\tsend
\or\tspart\tspart\tspart\tspart\tsend
\or\tspart\tspart\tspart\tspart\tspart\tsend
\or\tspart\tspart\tspart\tspart\tspart\tspart\tsend
\or\tspart\tspart\tspart\tspart\tspart\tspart\tspart\tsend
or\tspart\tspart\tspart\tspart\tspart\tspart\tspart\tspart\tsend\else\bod\f i}

.>t \tskh~2{heightU1&\onfl\oml\oml&\oml\oml\om&\cr}
,pf' .tskc# 1 2{Iheightt#2&\nm \tscoiint=#I \itcase\tscount \or~~tsend
\or\tspart\tsend

or tfp ar t\t spart t-Se nd

\or\tspart\tspart\.tsprt part\tsend

\or\tspart\tspart\tsport\tspar t\tsparnten

\or\tspart\tsprt\.tprt\tsprt\tspart~tspart'\tcond

\or\tnpart\,tsp art~ tspart ts . r't prIs o t . s o ~ s n

'dpf\in{\hot} /.\Lnderlln.?}

vi.
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7. THIS FILE DEFINES MACROS TO SET THE POINT SIZE FOR THE FILE:

% \eightpoint =>eight point type
% \ninepoint =>nine point type

% \tenpoint =>ten point type (TeX default)

% \twelvepoint =>twelve point type

\fn1iemcr \otegtmcr8 \otsxmcr

\font\ninermcmri9 \font\eightrmcmri8 \font\sixrrncmri6

\font\ninesycmsy9 \font\eightsycmsy8 \font\sixsycmsy6

\font\ninebfcrbx9 \font\eightbfcmbx8 \font\sixbfcmbx6

\font\ninett~cmtt9 \font\eighttt=cntt8 \font\seventt~cmttla

*\font\nineitcmti9 \font\eightitcmtis \font\sevenit~cmti7

\font\nineslcmsl9 \font\eightslcsl8 \font\sevenslcmsl8

\font\sevenrmcmr7 \font\sevenicmmi7 \font\sevenbfcmbx7

\font\twelvermcmrl2

\font\twelveicmmil2

-. \font\twelvesycmsyi0 scaled 1200
\font\twelvebfcbxl2

* \font\tenexcmexl0

\font\twelvettcmtti2

\font\twelveitcmtii2

\font\twelveslcmsl 12

\skewchar\twelvei='177

\skewchar\twelvesy='60

- \hyphenchar\twelvett=-1

\skewchar\ninei='177 \skewchar\eighti=1l77 \skewchar\sixi='177

Nskewchar\ninesy='60 \skewchar\eightsy'160 \skewchar\sixsy='60

- \hyphenchar\ninett=-1 \hyphenchar\eighttt=-1 \hyphenchar\tentt=-1

* \catcode'0=ll

* \newskip\ttglue

*\def \twelvepoint{ \def \rm{ \,famo\twelverm} % switch to 12 pt. type

\textfontOr\twelverm \scriptfontO=\ninerm \scriptscriptfontO=\sevenrm

* \texufont 1=\twelvei \scriptfontl=\ninei \scriptscriptfont 1±\seveni

\textfont2A\twelvesy \scriptfont2=\ninesy \scriptscriptfont2z\sevensy

'\textfont3=\tenex \scriptfont3=\tenex \scriptscriptfont3=\tenex

\textfont\itfamz\twelveit \def\it{\fam\itfarn\twelveit}

\textfont\slfam\twelvesl \def\sl{\farn\slfam\twelvesl}

\textfont\ttfam\twelvett \def\tt{\fam\ttfam\twelvett}

\textfont\bffam\twelvebf \scriptfont\bffamz\ninehf

\scriptscrxptfont\bffam=\sevenbf \def\bf{\fam\bffam\twelvebf}
S\tt \ttgluer.Sem plus .25em minus i15em

\normalbaselineskip= l~pt

\setbiox\struitbo(xr\hbox{\vruile height9.Spt depth45Spt width~pt}

let\> rc'\ tenrm \1ec\bigt\twPivehbig \normalhasel :nes,\rm I

(Iodftnpit\df\rm\fomO\ tenrm7. switch to 10-point type

\,textfont0=\tenrm \scriptfontO\seveirm \scriptscraptfontOt\f iverm
I'textfontlr\teni \scriptfontl=\seveni \scriptscriptfontlr\fivei

'>textfont2rttensy \ scriptfont2=\sevensy \scriptscriptfontor\fivesy

.textfornt3z\ tenex \scriptfnnt3t\tenex \scrxptscrlptfon1t3z\tenex

* \ textfont\ itfamz\tenit \def\at{\fam\itfam\tenit}%.

textfont\slfamz\tensl \def\sl{\fam\slfam\tensl}/.

* Ntextfont\ttfa-.m=tentt \def\tt{\farn\ttfam\te-ntt}7.

Vi-U
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\textfont\bffam=\tenbf \scriptfont\bffani=\sevenbf%

\scriptscriptfont\bffam=\fivebf \def\bf{L\fam\bffam\tenbf}%
\tt \ttglue=.5em plus.25em minus.15em
\normalbaselineskip=12pt
\setbox\strutbox=\hbox{\vrule height8.5pt depth3.Spt widthOpt}Y.
\normalbas el ines\rm}

\def\ninepoint{\def\rm{\famo\ninerml% switch to 9-point type
\textfonto=\ninerm \scriptfontO=\sixrm \scriptscriptfontO=\fiverm
\textfontl=\ninei \scriptfontl=\sixi \scriptscriptfontl=\fivei
\textfont2=\ninesy \scriptfont2=\sixsy \scriptscriptfont2=\fivesy
\textfont3=\tenex \scriptfont3=\tenex \scriptscriptfont3=\tenex

\textfont\slfam=\ninesl \def\s1{\fam\slfam\nines}7.
\textfont\ttfam=\ninett \def\tt{\fam\ttfam\ninettY.
\textfont\bffam=\ninebf \scriptfont\bffam=\sixbf

\scriptscr-iptfont\bffam=\fivebf \def\bf{\fam\bffam\ninebf}V.
\tt \ttglue=.Sem plus.25em minusi15em
\normalbaselineskip 1 ipt
\setbox\strutbox=\hbox{\vrule height8pt depth3pt widthOptj/
\norm alb aseli ne s r m

\def\eightpoint{\def\rnm{\famo\elghtrmY. switch to 8-point type
\textfontO=\eightrm \scriptfontO=\sixrmn \scriptscriptfontO=\fiverm

\textfont l=\eighti \scriptfontl=\sixi \scriptscriptfont 1'vfivei
\textfont2=\eightsy \scriptfont2=\sixsy \scriptscriptfont2=\fivesy
\textfont3=\tenex )Wcriptfont3=\tenex \scriptscriptfont3=\tenex
\textfont\itfam=\eightit \def\it{\fani\itfatm\eightitY.
\textfont\slfam=\eightsl \def~sl{\fam\slfam\eights}7.
\textfont\ttfam=\eighttt \def\tt{\fam\ttfan\eighttt7.
\textfont\bffam=\eightbf \scriptfont\bffamz:\sixbf

\scriptscriptfont\bffamnr\fivebf \def\bf{\fam\bffam\eightbf}7.
\tt \ttglue=.Sem plus.25em minus.15em
\normnalbasel ineskip=9pt

\setbox\struthox=\V-',ox{\vrule height7pt depth2pt widthOpt}Y.
\normalbaselines \rml

d,(ef\s-'enpint\def\rn{\famO\sevenrmY. switch to 7-point type
\textfontC=\ sevenrm \scriptfontO=\fiverm \scriptscriptfontD=\fiverm

\textfont1=\seveni '\scriptfontI1\fivei \scriptscraiptfontl=\fivei

textfont2=\sevensy ',scriptfont2=\fivesy \scriptscriLptfont2=\fivesy

\text funt3=\tenex 'scrapt font3=\tenex \scriptscriptfont3z\tenex

\textfont\ itfamr\seven it \def\it{\fam\itfam\sevenit/.
',textfont\slfam=\sevens1 \def\s1{\fam\sfarn\sevens}7.

\textfoflt\ttfam=\sev-:tt \d(ef\tt\fam\ttfam\seventtY.

\textfr nt\bffam=\se vmbt~ \ scriptfont\bffam=\fivebf

scrIptsCriptfont\hff,-m ' fivebf \def\bf\fam\bffam\sevnbf}Y.
\,tt \,ttglue=,Sem plus.25em minusilSem

\norrmalbasel ineskip 3pt
\ setbox\ st rutbox\ hb)x \v iul e hight7pt depth2pt widthOpt}/.

\normalhasel inesl rm}

viii
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\input prolog
\pageno:2
\centerline{\headfont CONTENTS}

\bigskip
\baselineskip=12pt
\parindent=Opt
Numerical and Algebraic \dfil \ 3 \par
Vector Identities \dfil \ 4 \par

Differential Operators in Curvilinear Coordinates \dfil \ 6 \par
Dimensions and Units \dfil 10 \par
international System (SI) Nomenclature \dfil 13 \par
Metric Prefixes \dfil 13 \par
Physical Constants (SI) \dfil 14 \par

Physical Constants (cgs) \dfil 16 \par
Formula Conversion \dfil 18 \par
Maxwell's Equations \dfil 19 \par

Electricity and Magnetism \dfil 20 \par
Electromagnetic Frequency/Wavelength Bands \dfil 21 \par
AC Circuits \dfil 22 \par
Dimensionless Numbers of Fluid Mechanics \dfil 23 \par

Shocks \dfil 26 \par
Fundamental Plasma Parameters \dfil 28 \par
Plasma Dispersion Function \dfil 30 \par
Collisions and Transport \dfil 31 \par
Approximate Magnitudes in Some Typical Plasmas \dfil 40 \par
Ionospheric Parameters \dfil 42 \par "'
Solar Physics Parameters \dfil 43 \par
Thermonuclear Fusion \dfil 44 \par
Relativistic Electron Beams \dfil 46 \par

Beam Instabilities \dfil 48 \par
Lasers \dfil 50 \par
Atomic Physics and Radiation \dfil 52 \par
References \dfil 58
\vfil\eject\end
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\input prologI

\voffset=1 .Otyuein
\hisize5. 25truein

\vsize=9.0truein

\pageno=3

\centerline{\headfont NUMERICAL AND ALGEBRAIC}'

\bigskip

\N Gain in decibels of {$P-2$\!} relative to {Pt/

$G=10 \log-i1C} (P-2/P-_1).$

\rnedsk ip

\N To withiun two ptercent

$$(2\pi)-{1/2} \approx 2.S;\ \pi2 \approx 10;. e3 an:-- x

2{:C 1 'o pprox 13.$

Eu I -,--r cjI.il) c<nt,1t$' 1' ,,gamma = 0.'

'b i gski p1

N! Gaii[a Function $.\Gamrna (x + 1) =x\G;arrma(x)$:

$$\ha i n{\ qua~ ~uai~ fi I&\ \hfil &\qqtiadV\,hfiIi' f

£.,CGoirr (1/6) US , 663 &\am(/)&.

V Gi~ia '1/ $ 4. 190 g$\Gamma (2/3 $&.3.,

$..G amri( 1/4)$U3. 6256 &$\Gamma(/4)$&l 1 -c u4

$\Camyna(I/3)$&'2.67S9 &$\Gamma(4/S)$&1.1642'-

$,,Gaims(2/S) ~2182 &$\Gamma(S,/6)$&1.12E-,cr

1'"10amrra ( 1/'2) $&$. 7725=\sqrt{\pi}$ &$\Gamma(1)$&1 0)\cr}$$

\inedskip
\N Binomial Theoi t.: (good for $\mid x\mid<l$ or $'\alpha =$ positive itg~

T$(1tx)-\alpho=\sum ,inftyfkO{\alpha\choose klx-k \Iequiv I + \alpha x

{{\alpha(\alpha--1)}\,ovcr {2!}}x-2 + {i Aalpha (\alpha-1) (\alph-,-2)} >,-ver '

4 \lIdots.$$

N'Rot!",-Hagen identityt>2\ $(goccl for all complex $x$, $yl, $z$

rg, '-ir) :

I' I x\ovtir (x+kz}} {{x+kz} l hmo k} -t .

* . -L:: .)y:.,- -kY \cr&r{x-y\over~x -+:r}{x.':' .- :*'

n zxt~ y2 ~i: In \,M'r P( 1 In .J{.~'c-1~ uj

f 1 e 1 t 1 nd 2
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NUMERICAL AND ALGEBRAIC

Gain in decibels of P 2 relative to P1

G = 10loglo(P 2 /P 1 ). rV

To within two percent

(2r)1 / 2  2.5; 7r2  -, 10; e3  20: 210 10'.

Euler-Mascheroni constant 1 - = 0.57722

Gainnia Function F(x + 1) - xF(x):

F(1/6) = 5.5663 r(3/5) = 1.4892
r(1/5) = 4.5908 r(2/3) - 1.3541
r(1/4) = 3.6256 r(3/4) =- 1.2254
r'(1/3) = 2.6789 r(4/5) - 1.1642
F(2/5) - 2.2182 r(5/6) - 1.1288
1(1/2) = 1.7725 17T r(1) - 1.0

Binoial Theorem (good for I x j< 1 or n = positive integer):

(1 x)"~ Z ( ) a (a - 1) 2 a(a - 1)((t 2) "= =~ax+ ax .. '
k 2! 31 '

k -0

1 othe-tlagen identity2 (good for all complex x, y, z except whlen singular):

x + :z Ak y + (n- k)z n - 1:.
k -

+ y J7 + y + ,
x + / + n + li ")

Newbe ger's s111f1 tlltio, f'ri'i la. 3  [good for /11 iioiiitt'gral, lRe (1 , -4-- 1]"

(Z) 7r
n. + p1 Sill jt"r

3

-% % .
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\centerline{'\headfont VECTOR IDENTITIES$-4$} \bsk

\N Notation: $f,\ g,$ are scalars; \A. \B, etc.,* are vectors; \T\ is a

tensor; {\tf I}\ is the unit dyad.

%. '\T' IS SET A MAGNIFIED EIGHT-POINT CHARACTER, SINCE WE LACKED A

%. SEVEN-POINT BOLD SANS-SERIF FONT. IT IS FOLLOWED BY N'TO LEAVE
% A SPACE FOLLOWING.

\msk~sskIN

\N\quad $\ph{1}$(1)

$'\A\cdot\B\t ines> ,Cz 't imes\B~cdot\C=\B\cdot\C~times\A=\B
\t i me s C "cdo t \ AA='\C d ot\ A\ t 1 m esB\ ~C \t im e s\A\c do t \B$ \ m s k

\N\qua! $\ph{1}$(2)

\N'\quad $\ph{f1i}$(3) 1

$\,A\tirnes(\B\tirnes\,C) *\B'\tires(\C\times\A)+\C\times(\A\times\B>O$ ',msk

\N\quad $\ph{11$(4)

$(\A\times\B)\cdot(\C\tlmes\D)=(\A\cdot\C)(\B\cdot\D)-

(\A\cdot\D) (\B\,cdot\C)$ \mslc

\N q~uad $\ph{11$(S)

$(',.\tnte\B'),ties(C~rrnesD)=\A~imesB~cot\)\C

(\~A .times\B~cdot\C)\D$ \msk

'N\quad $\ph{I}$(6) $',del (fg)>\del (gf)=f\del g +g\del f$ \msk

\\N\quad $\ph{ 11$(7) $\diver(f\A)=f\diver\A+\A\cdot\del f$ \msk

\N\quad $\ph l}$(8) $',curl(f\A)=f\curl\A+\de. f\times\A$ \msk

\N\quad $'\ph{1}$(9) $\diver (\A\t imes\B) =\B\cdot\curl\A-\A\cdot\curl\B$ \msk

\N\quad( 10)

$\curl(\A~times\B)-\A(\diver\B)-\B(\diver\A)+(\B\cdot~del)\A-(\A\cdot\del)\B$

\m sk

\N\quad(11) $\A\tiznes(\cirl\B)=(\del\B)\cdot\A-(\A\cdot\del)\B$ \msk

(\,A\cdot\del)\B+(\B\cdot\del)\A$ \msk
>N'~uaU13)$\del-2"- diver\del f$ Nmsk

N' qntO~(14) $\deV2Ar-de (\diver\A)-\curl\curl\A$ \innsk

I'7 jdk I ) $\curl',del .1=0$ \visk

If,)ccc~ 1 $\ ci v eir curl1\ A (C$ \msk

\N If { hf e$ 1$, e$-2$, e$-3$1 are orthonormal unit vectors, a secozid-oxder

t f-i,>;r \,T\ can be written in the dyadic form

\N'\quad(17) \T\ $=\sum..{i,J}\Tij}$\bf e$-i$e$-3S} \msk

\N In cartesian coordinates the divergence of a tensor is a vector with e

comtponents

',N\quad( 18) $( ,divei $'\'r\/ )$-iz' SUM_{j}I(\Partilal T.{JOi/\partial K--') T~

iLi dcefinition is reqiiir,-1 for consistency with Eq. (29)]. In

sk
N',lh 1(ii I19) $\,d i vei ( 'A\B) - (',,1 ver\A) \B+ (\A\,clot'd Ll 1'\F P , msk

'.41 \Lio (20) $\dt e ivi i f$\\,!lf c o \T,$ 1V

V9
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VECTOR IDENTITIES
4

Notation: f, g, are scalars; A, B, etc., are vectors; Tis a tensor; /is the
unit dyad.

(1) A.BxC = AxB.C = B.CxA = BxC.A = C.AxB = CxA.B

(2) A x (B x C) = (C x B) x A = (A. C)B -(A. B)C

(3) Ax (B x C) + B x (Cx A) + Cx (Ax B) =0

(4) (A x B) (C x D) = (A. C)(B D) - (A. D)(B . C)

(5) (A x B) x (C x D) = (A x B.D)C- (A x B.C)D

(G) V(fg) = V(gf) - fVg + gVf

(7) V-(JA)= fV.A+A -Vf

(8) V x (fA) = fV x A+- Vf x A

(9) V. (A x B) = B.V x A-A-V xB

(10) V x (A x B) = A(V • B) - B(V • A) + (B • V)A - (A. V)B

(11) A x (V x B) - (VB) -A - (A. V)B

(12) V(A . B) = A x (V x B) + B x (V x A) + (A. V)B + (B. V)A

(13) V 2 f = V. Vf 4.

(14) V 2 A = V(V .A) - V x V x A

(15) V x Vf = 0

(16) V. V x A 0) .-

f , e2, e3 are orthonornial unit vectors, a second-order tensor T can
1w4 wiitte in the dyadic form

(171) - E Tijeej

III C, (r11tSIa coordinates the divergence of a tensor is a vector with coin-

(ms) (V.T), = Z.(DTji/axj)

['i'iis ,14hfinition is required for consistency with Eq. (29)]. In general

(19) V • (AB) = (V - A)B + (A. V)B

(20) V (fT) = Vf.T+fV.T

4
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\N Let S{\bf r}={\bf ilx+{\bf jly+{\bf klz$ be the radius vector of magnitude

$r$, from the origin to the point $x,y,z$. Then
\medskip

\N\quad(21) $\diver{\bf r1=3$

* \medskip

\N\quad(22) $\curl{\bf rl=0$

\medsk ip

\N\quad(23) $\del r={\bf r}/r$

\medskip

\N\quad(24) $\del(1/r)=-{\bf r}/r-3$

\medskip

\N\quad(25) $\diver({\bf r}/r-3)=4\pi\delta({\bf r})$

\medskip

\N\quad(26) $\del{\bf r} $\ {\tf I}

\medskip

\N If $V$ is a volume enclosed by a surface $S$ and $d{\bf S}={\bf n~dS$,
where {\bf n1 is the unit normal outward from $V,$

* \medskir

\N\quad(27) $\dint-V dV\del f=\dint-S d{\bf Slf$

\medskip

\N\quad(28) $\dint..V dV\diver\A=\dint-S d{\bf Sl\cdot\A$

\medskip

\-7\quad(29) $\dint.V dV\diver$\T\ $ =\dint..S d{\bf S1 \, \cdot$\T

\medskip

* \N\quad(30) $\dint-V dV\curl\A=\dint-S d{\bf S\times A}$

\medskip

\N\quad(31) $\dint-V dV(f\del-2 g - g\de1-2 f)=\dint.S d{\bf S}\cdot(f\del

g-g\del f)$

\medskip

* \9\quad(32) $\dint _V dV(\A\cdot\curl\curl\B-\B\cdot\curl\curl\A)$

* \vsk,.nO .0001 in \qquad\qquad\qquad\qquad\qquad

* $=\dint-Sd{\bf Sl\cdot (\B\times\curl\A-\A\times\curl\B)$

* \redskip

\N If $S$ is an open surface bounded by the contour $C$, of which the line

element is Wd\bf l}$,

\medskip

\N\quad(33) $\dint-S d{\bf S}\taies\del f=\doint-C d{\bf 11f$

\vfill'\eject\end

5a



Let r = ix +jy + kz be the radius vector of magnitude r, from the origin
to the point x, y, z. Then

(21) V r = 3

(22) V x r =0

(23) Vr = r/r

(24) V(1/r) =-r/r
3

(25) V (r/r 3 ) = 47r6(r)

(26) Vr I

If V is a volume enclosed by a surface S and dS - ndS, where n is the
unit normal outward from V,

(27)1 dVVf = dSf

(28)j dVV A dS A
V°  S

(29)JdVV.T=jdS-T

(30)j dVV x A dS x A

(31) dV(f j -IVf) dS (f7 - gV f

(32) /dV(A V xV x B - B. V xV x A)

IdS.-(B x V x A-A x V x B)

If S is a l open surface bounded by the contour C, of which the line
cleixelit is dl,

(,33) dS x f dlf

50



- - --- ~-.----.....~-~ -- w-~wW WM IR Ww WX r. j-r~ wj... '

\input prolog

\hoffset=1.125truein

\voffset=ltruein

\hsize=6. Otruein

\vsize=9.Otruein

\pageno=6

\N\quad(34) $\dint..S d{\bf S1\cdot\curl\A\doint_C d{\bf 1}\cdot\A$ .4

\medskip

\N\quad(35) $\dint.S(d{\bf S}\times\del)\times\A=\dointC d{\bf l}\times\A$

\medskip

\N\quad(36) $\dint-S d{\bf S \cdot(\del f\times\del g)=\doint..C fdg=-\doint-C

gdf $
\b igs kip\ b igs kip

\centerline {\headfont DIFFERENTIAL OPERATORS IN}

\vskip ipt%

\centerline {\headfont CURVILINEAR COORDINATES$-5$1

\bigskip

\N{\headfont Cylindrical Coordinates}

\medskip

\N Divergen:e

% Note that the \leftdisplay macro from PROLOG.TEX is used to produce

1left-justified displayed equations.

\leftdisplay{\diver\A={1\over r} {\partial\over{\partial r}} (rA..r) + {1\over r}

{{\partial A_\phi1\over{\partial\phi11 + {{\partial A~zl\over{\partial z}}

\N Gradient

\leftdisplay{(\del fX-r = {{\partial f}\over{\partial r}};\quad (\del f)..\phi

{1\over rI{{partial f \over{ \partial \phi}}; \quad (\del f)-z ={{\partial f}

\over{\partial z}}

\N Curl

\leftdisplay{(\curl\A i{1\over r}{{partial A.z\over{\partial\phi}}

{{partial A _\phi} \over{\partial z}}

'\leftd15pis-ay(\crl\AU-\phi~{{\partial A..r\over{\partial zl}-{{\partial A-z}

xover{' i, -i tilal l

\I eftd isp!ay{(Ccurl \A) z= il\over r}{ \part ial\over{\ part ial r}} (rA-\phi)-

~i.vIr} {{\partial A.r\over{\partial\phi}}}

\smail:;1ip

\N La,.lacian 4

\leftdisnlay{\delP2 f ={l~over r}{\partial\over{\partial r}}\left(r{{\partial

f}Yover\partial r}}\right) + {1\overfr-2J}{{\partial-2 f)\over{\partial\phi-2}

I + {{partialP2 f}\over{\partial z-2)11

6a I



(34)ji dS- V x A = I dl -A

(35) j(dS x V) x A= i" dlx A

(36) f S-( x Vg) = -cfd i g dfJ ,Jc

DIFFERENTIAL OPERATORS IN
CURVILINEAR COORDINATES

Cylindrical Coordinates

Diwergencce

V A 1 (?A,) + I +

r Or r Oq> Oz

Crnulient

_ f 1 Of Of= ~- -- ; (Vf).=-Vf),. - O, (Vf),i, = 0" Oz

C"l'l~

(V ), I OA: OA(o
r 0) Oz

10A, OA,

(7 x A),

0O Or

(V x A), O
1 0' 1 OA,.)

2f_ 10 (Of\ 1 0 2 f 02,f ,' I-7 + -2,b + O'
I.7 Dr. O) 1.2 a k2 OF

6

r W*

.' .. . .. , ... '.'' ... ,.. . " . .r.*% * *. - , \- ._,- .- , ,(- ,-.... .. ... .. * *... • .. , .. .. . ' "•" " =r", 
'

:" "" "'-'. '.*"-'-'.- ".','-" ,'.''.':'.2 ,''.'',-'V-'-':'."-*-q ¢ *p *J', . : - ,. ' -. ' - -. , ".. . * - " .. ,..:". ...
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\N Laplacian of a vector

1.Note that the 'Ieftdisplay macro from PR3OCC--TEX is used to

7left-justify dlisplayed equations.

\leftdisplayIC'del 2' - 'dl2A-r - {2'-aver i -2}{{\part ,,al Aiphi}' over

{\partial\pha-}- {U~r}nver~r-2}}}

\leftdasplay{ ( d-1 2'A) -' thia\del -2 A \Ph ', f2 'I95 r-2}

{{xpart aal A-r}\ovpr{ 'partial\lphi}} - {A§pha} -verir-}}

\lefdispay{(del 2'A) - z=delK2 A-z}

\meds1kap

,N Compsnents of $ 'A\,cdot\del)\B$

\leftdisplay{(\A\,cdot'deIfl\B)-_rzA-r {{\partia BrI\over{ 'partial r}{Api

\over r}{\paitial W-r}\\over'\partaal\pha}}+A-z{{\partiaI B-r}\over{ \partial Z}

}-{{Aj\phi Bi phi'i r}}

\leftdisplay{('A\ct. I-I\B)-\phi=A-.rf{\pralB hve{artial r}}t,
{{\phi}\ovcr r}{{piral B-\phi}\over{\partial\pha}+Az{pr~lBTi

\over{'Xpartial z}}+'?Aiphi Rr}\over r}}
I\leftdisplay{(',A\cd,1,td ,\B)-_zrA-_r {{\partia F.-z}'over~i partialr}{{. ha

\over rM{\partia F -sY'over \part 1Al\phi hA-z z{\part ial B-z}\oi'er{\parrla

X'smallskip

\N Divergence of a

\leftdisplay{K'divi Y ,xf\tf T\/I}Kr~f1\o-ver rl{\partial' 'over{"partial r}}

(rT-frr ) +{I 'iv~ ! i - iK {\ r}\over{\partial\phl}}+{{\\Partial T-izr}}

\over {'partial z ' , -Jp.c\phi}\over r}}

.leftdisplay{(l-, x{tf T\/}).\phir{1\over r}{\partial\over{\partaol r}}

(rTr'piY)1 ).-ri partial T-{\phl\phi}}j\over{\prtial\ph}}+{'porIt.ii

T-z \p- 'z vdx\}}vei{ i~iL z} T{pir}\over r}}

leftdisplay{( ~i''hx\fT\/})-z={1\over r}{\part ial\over{\partiaal r}}

r'T- r5}.! \over r}{{ partal T _ \h }\vr'artial\phi}}+{{\partial
- -: ce, J par! in! z}} }

7"*1

**.f * - ~** ***.~ *** ***



Laplacian of a vector

(V 2 A), = V 2 A, - 2 OAO A,
r2 9,p 7"2

(V 2 A) = V 2 A¢ + 2 0 -

(V 2 A): = V 2 A-

Compionents of (A • V)B

(D,. A, OB,+ OB, AO BO(A'VB),- = A- + -- ±A--__
Or r 0q az r

(AVB) = A,. 3B + A + A2-_- +
r 00 (z 7.

(A. VB)= A,. B - + A, + -DB + DB
Dr0¢ Dz

DiV( g,'n( i ( f a tensor

1 ( 1 0To,. OT:, _ Too(V •T),. -,T..)+ +
r Or r 0D Oz r

(V-1 0 1 0To+ OT:.o To,.
,"0,'r T,,. )+/ -- --- "-1 "9 ," O lz r'

10 1T., OT:z
," 0,' " 0¢ ~ Dz

+,.---

7

%. % %.. %~~.:.* ~ ;
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\N{\headfont Spherical Coordinatesl \msk

\N Divergence
%4

% Note that the \leftdisplay macro from PROLOG.TEX is used to

1left-justify displayed equations.

'\leftdisplay{'\diver\A{1l\over~r-2}{\part\over{\part rll(r-2 Ar) +

{1\over~rsin'\thetal}{\part\over{\part\theta}}(\sin\theta{A-\thetal) +

{1\over~r\sin\theta}}{\part A_\phi}\over{\part\phi}}}

\N Gradient

\leftdisplay{(\del f) _ r={\part fl\over{\part r}};\quad

(\del f) _\theta{1\over r} {{\part f}\over{\part\theta}};\quad

(\del M)\h=1oe~~i~ht} {part fl\over{\part\philJ}

\N Curl

\leftdispltay{(\curl-\A)-r={1\over~r\sin\theta}}{\part\over\part\thetal}

(\sin\.thet A _ .pli)- 1\over~r\sin\theta}}{{\part

A _\theta}\over{f part\phi}}}

\leftdisplay{(\curl\AK-\theta={I\overfr\sin\theta}}{{\part

A-_r}\ov er{ \part \ph i}-{ 1 \over r}{\part\over{\part rl}(rA_\phi)}

\leftd isplay{ (\curl\A) \phi{ 1 \over r}{\part\over{\part rJ}

(rA_\theta)-{1\over rl{{part A~r}\over{\part\theta}}} \msk

\N Laplacian

\leftdisplay{\de1-2 fr{1\overfr-2}}{\part\over{\part rll\left(r-2
{{part fl\over{\p,-rt r}}\right)+{1\over~r-2\sin\thetall{\part

\over{\part\theta}}lepft('\sn\theta{{\part f}\over{\part\thetal}

\right) +1\over~r2\ n2\theta}}{{\part-2 f}\over{\part\phi-2}}}

\,N Laplacian of a vector

\leftdisplay{(\'d& \A)-r\del2Ar-{2Ar\over~r2}-2\over~r-2}{{\part
A_\thet.W~nv-i t\pcirt\thet all -{2\cot\theta A_\thetal\over~r-211-

{2\overfr-2\sin\tlietal}{{\part A_\phil\over{\part\phiM}

,Ie ftccpj-_1),-y{ (\de1-2\ A) \theta\del -2A -theta+{ 2\overfr 21}{{\part A-_r}\over
{\part'\theta}} -{{A-theta}\over~r-2\s ini2\tIeta}}-{{2\cos'\theta}\over

{r-2\sin-2\theta}{{\part A_\phil\over{\part\phiJM

\leftdisplay,(\\del-2\A)-\phi=\del-2A\phi-{{A-\phil\over~r-2\sln-2\theta}+

{2\overfr-2\sin\theta}}{\part Arl\over{\part\ph ill+{{2\co s\the t al\ov er

{r-2\sin2\thet}}{{\part A _\thetal\over{\part\phi Ill

8a

% %



9u~jv~wj~v V

Spherical Coordinates

Divergenlce

10 1 OAO

I(VJ),.- Or (Vf)e - aq (V f) 1~l Of0

Curl

(V X A), 1 0sl 1AO 0Aq
r1 sill 9 -(si rA~ Sil ___ __

1 OAr 1 0
(V x A)~ H= - -- iA,)

r*1* l D11 kO r Or

10~ 1A,
(V x A),, A -(A 9 ) -- __

rOr 7.0

10 (2Of> . 9 f 0 2 f

.2 Or 7 7 + 2 9il 09 \. 09 '1.2 1sin 2 (4 Oq/2

L; ;1c1 I)I i il of a vector

(V A), V -A,-24 2 2Co9A2

2 O Ar Ao 2 cos9 N ;,
(7- 09, V ,+ 2 P .2 Sill 2 9 1'.2 sil 2  O

22A,2 (')A, 2 ((. 9 0A,
(VA,., V A, 2 + ~ ± + . %

19 sil2'2 -9
I~ ~ ~ ~~~0(, 1 sill-9 -ii9 ) -sn 9O/

8
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\N Components of $(\A\cdot\del)\B$

% Note that the \leftdisplay macro from PROLOG.TEX is used to

% left-justify displayed equations.

\leftdisplay{(\A\cdot\del\BY-r=A-r{{ \part BKr}\over{\part r}+{{A tetaI

\over r}{{\part B-r\over\part\thetal+{A.Aphi}\over~r\sin\theta}}

{{\part B-r}\over{ \part \phi}}-{ A-\theta B-\theta + A_\phi B-\phil\over rJ}

\lef tdisplay{(\A\cdot\del\BE>\theta=A-rr{{\part B_\theta}\over{\part r}}+

{{A_\theta}',:over r}{{\part B_\theta}\over{\part\theta}}+

{{A-\pha}'vve-;{r\sin\theta}}{{\part B_\theta}\over{\part\phi}}+

{{A-\theta Br} over r} - {{\cot\theta A-\phi B-\phi}\over rJ}

\lef tdisplay{ (\A\cclot\del\B) _\phi zAr{{\part B_\phiI\over{ \Part r}}+

{{A_\theta}\over rlf{\part B_\phi}\over{\part\thetaII+

f{{A\phi}\over~r\sin\theta}}{{f\part Bpi~oefprtpiJ
{{A_\phi B-r}\over r} + {{\cot\theta A-_\phi B-\theta}\over r}}

\N Divergence of a tensorP

\lettdisplay{(\diver\hbox{\tf T\/}):-r{1\over~r-211{\part\over{ \part r}}

(r-2 L~frr)+{1\over~r\sin\ \thetal}{\part\over{\part\the ,alI

(\sin\theta T-{\theta r})}

\leftline{\\hskip3.Struein$\displaystyle+{1\overfr\sin\theta}}{{\part

T-f\phi r}}\over{\part~~phi}}-{{T-{\theta\theta}+T-{\phi\phi}}\over r}$} \msk
\leftdisplay{'(\.diver\hbox{\tf T\/}L \theta={1I\over{V -21 }{\part \over

{\part r}} (r-2 L- r\theta}) +{1'\over~r\sin\theta}}{\part\over{\part

\thetal}(\sIn\tht T _ {\theta\thetal)l

TA' ph1'\tlieta}Y- oJver{ part \phi}}+{TAf\theta r}\over r}-
f{\cot\thetaIT_ -',-h i' p'h, !\over r}$} \msk

s,,n' th a {''a' o-i ;-art.' }

-r ror r.'-r
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Compolents of (A• V)B

3B, A. oB,. A O OB, AoB4 + AB,,
(A VB),= A,. + +Or' r 90 i siii 9/ 04T

OBAt Ao OBt ",. O13 A, B, c t (9A..,I.,
A. VB),r A,. + + + %

o(B,A),3D , A 0 D,:, A, o13 A. 13,. ct l.,A13,A • B,.=A.-+ + +
0r r 0 r sill t ,, "

I I.

V1 T ), - - T,.,. +  (sin ,,t

1 0 1. sill H O:
+' +

r' sin H ',,

V T) r-7T, + -(,in OI',

+ HT,'.

12 . 1(!"

* ..-. '.---. -
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VSee prolog.tex for macro definitiors.

\input proslog

\hoffset~l.Otruein\voffset=l.Otruein\hsize6.Struen\vszez.Ori. n

\pageno=1O

\centerline{\headfont DIMENSIONS AND UNITS} \msk',indent

To get the value of a quantity in Gaussian units, multiply the value -x p~.

in SI units by the conversion factor. Multiples of 3 in the cronversip.n

fac\-tors result from approximating the speed of light

$c297\tmsI-11,c/e $\approx3 \times 1 }0\ $cm/sec .

J. This is the first and most complex example of a ruled table, Ruled

Stables make use of \halign to position the information in tne coluirns

and the vertical rules separating them. \vbox is used in double

Adollar signs ($$) 4n order to center the table on the page.

$$ vbox{\tabskip=0pt \offinterlil.eskip

/.\tabskip=Opt is used to avoid a space to the left of the first vrule.

in-interrupted through the table.

h a ign tc'\hsize~vs--fvrule5\tabskip=O.2Sem plus1cm&'5\hf al v'l,

?s>hilt' vruleata0\hf il~\vrles;&a\hfixruetaspcp'r

* ~~~~. Tis hl&npreamble alternates clr ~ air

*ccntcins--.ng atual !tale entries. The vertica' bar has - e" ---

astoarlperrauc '&&- and indicates colu,;rns contain.r g

* nlv a .vril< .a rA ..--s,-ial, \cr ends each line. Nc te t

re-asuir-nents 'such as \bs{O. 2truein} ) were arriv'ed at by tri' 2 nd

*error, to, i::gn the heading entries correctly.

.... M. IO. m 1 ,t san3[\,cnloIr, or>c

:'I;: t 1-:;ai;3 hf il Dimrsnions \ hf iil cr:n T.,
-: .filI Sym- \h idew idt h1 .uito i,',a"

-Il C nv or s i cn \h ideP.w ir!t h \hf , 1' Gaus n, iar. r

ipI . &,ex' inver ight 1 .81ti uein ,vbc, x{'1 Ill- w id, hI

no oallow "DirnonsirOs" t-- span 1 h1 1

* wu C-' irs with entries, separated byV o)ne co ntaining a a1 r
\nalion we add the extra horizontal ruile under lin. n

c,-rr-- t plac7e. (Tbe numbprs were fouind byv ti isi an,! Crr-.

re3("WYd approac:h to placing these foalr

*In 'A~ tnbles on pp.49-SOJ.

I 0
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\tska{7J'{lex)
\slhfil quantity I\hfil bol I\om\hfil SI \hfil I\om\hfil Gaussian

A \tska is a macro used as a tableskip. It skips a variable distance

% vertically in a table, continuing all rules, in order to improve the

% spacing, and is adjusted so that the spacing is pleasing to the eye.

%A At the beginning of each line is the macro \m or \s. These are struts,

7.invisible hboxes of fixed height, which determine the height of each *
line. \m is slightly taller than \s. Again, they were chosen by eye.
\bs is defined as \noalign{\vskip-#l} in prolog.tex. It enables us

'to "back up" in tables.

\hfil I \hfil Units I \hfil Factor I \hfil Units &\cr

%, The preamble automatically puts an \hfil to the right of each entry,

%I so we need add \hfil only on the left, to center them.

\tska{7j{7ptl \trule \tska{7J{lpt} \trule \tska{7j{2ptl

%A !e skip down, leaving a double rule beneath the table header. The

'% body of the table follows:

\ml Capacitance \hidewidth I$C$ Ift-2q-2 \over ml-2} 1 1 1

farad I $9\times1O-{11J$ I cm & \cr

%A Note the use of \hidewidth. TeX allocated more space than necessary

%I if we allowed it to position the text itself, so we use \hi-dewidth to

'A conceal the length of the longer entries. This prevents 'overfull

%/ hbox" errors.

* \rrl Charge I $$I q I {m-{1/2}l1{32} \over t} I coulomb
\hidewidth I $3\timeslC-9$ I statcoulomb \hidewidth & \cr \tska{7j{2ptl

\sI Charge I $\rho$ I {q \over 1-31 1 {m-{1/2} \over 1-{32}t- I
coulomb \hidewidth I $3\timeslO-3$ I statcoulomb \hidewidth & \cr \bs{1.Sex}

\sI \quad density I I I I \quad /m$-3$ I I \quad /cm$-3$ & \cr

'Charge density is spread out over two line . \bs~i.5ex} is used
'to position the two lines more closely.

\ml Conductance \hidewidth I I {tq-2 \over ml-21 I fl \over tl I
siemens I $9\timesiO-{11}$ I cm/sec & \cr \tska{7}{2pt}

\ml Conductivity I $\sigma$ I{tq-2}\over~m1.3} I1\over t I
s.iem'ens I $9\timeslCO9 I sec$V{-1}$ & \cr \hs{2.Oex}

\si I II I\quad /m I I & \cr
\,ml Current I $I,i$ Iq\over t I{m-{1/2}P{3/21}\over~t-2}I

ampere I $3\tires1lO9$ I statampere & \cr \tska{7}{2pt}
\sl Current I ${\hf J},{\bf j}$ I q\over{)-2t} I {m{ 1/21} \over
{1-{1/2}t-21 I ampere I $3\timeslO-S$ I statampere & \cr \bs{1S.ex}

10b
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\sI \quad density I I I I\quad /m$-2$ I I \quad /c$-2$ & \cr .

\mI Density I $\rho$ I m\over{1-31 I m\over{]3} I kg/m$-3S I
$10-f-31$ I g/cm$-3$ & \cr

\sI Displacement \hidewidth I{\bf DI q\over{)1-2} {m{1l/2}}

\over {1{l1/21tl I coulomb \hidewidth I S12\pi\times1O5S$ \hidewidth

statcoulomb \hjdewidth & \cr \bs{1.75ex} t.v

\sI I I II\quad /m$-2$ I I \quad /cmt-2$ & \cr
\mI Electric field I {\bf E} IfmlI\overft-2q} {fm{1/2}}\over{U{ 1/2JtJ

volt/n I $\displaystyle~l\over3}\timeslO{ -4}$ Istatvolt/cn & \cr\tska{7}2ptI 5i

\mI Electro- I {\cs E}, I {ml12}\overft-2q} Ir~/}{/}
\over t I volt I $\displaystyle{1\over3Y\tinesIO{ -2}$ Istatvolt & \cr
\bs{2 .Oexl

\sI \quad motance lEmf I I I1 & \cr
\ml Energy I$UY$ \hidewidth I{mlU2}\overft-2} I {rnP2} \over

{L-2} I joule 1 $1-7I erg & \cr

\mlI Energy I $w,\epsilon$ I m\over{1t-2} I m\over~l t-21 j
3oule/m$-3$ \hidewidth 1$10$ 1erg/cm$-3$ & \cr \hs{2.oex}

\sI \quad densityI I I I I & \cr \tska{7j{2ptl \cr \trulel}$$

%f

7.End of Table.

\vflll\eject\end f
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DIMENSIONS AND UNITS

To get the value of a quantity in Gaussian units, multiply the value ex-
pressed in SI units by the conversion factor. Multiples of 3 in the conversion
factors result from approxilnating the speed of light c- = 2.9979 x 1010 cm/sec,

3 x 1010 cm/sec. Il'e

Dimensions
Physical Sym- SI Conversion Gaussian

Quantity bol SI Gaussian Units Factor Units

t2 q 2

Capacitance C 1 farad 9 x 1011 cm
Dl1

2

m 1/213/2
Charge q q coulomb 3 X 109  statcoulomb

t

q nl/3
Charge p - coulomb 3 x statcoulomb

density 13/2 t / 3  /en 3

Conductance l I siemens 9 X 1ol cmi/sec
'nl 2  t
tq2  1

Conductivity l - sieniens 9 X 10 9  sec 1
.l 3  t /m

Curre t I i q n 1/213/2
- alpere 3 X 10 9  stataniperet t 2

q nit 1 /2
Current J. 12 Z/2t2 ampere 3 x 10' statanpre

density /ill2 /CnI-

'1n, 11 3 10 3Deiisit~y p - - kg/i 3  0 -  g/cnl 3

1e D1/2

)isplacii t L (tD1oulom) 127r x 10 5  statc(,oi1111)12 11/2t /12 / n

111l fil 1/ 2  1 -
Lle('tric field E - volt/i| - X 10 -  statvolt/(:mt2q 11/2t 3

,111 1/211/2-

F le,ct ro- £. Volt. - X 10 -  stat.volt
t2 q t 3motan, E ,nf it
i~l 2  11,1 2

Eergy t/. 1V .0jo1lc 10' ergt2 t2

Energy lip, F. joule/ a 10 erg/cii
(leilsity It2  It 2

10
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\input prolog \pagenollA

\hoffset=1.Otruein\voffset=1.Otruein\hsize=6.Struein\vsize=9.Otruein

\centerline{\ }\nointerlineskip

$$\vbox{\tabskip~opt \offinterlineskip

\halign to\hsize{#&\vrule#\tabskip=O.25em plus lem&#\hfil&\vrule#&r
#\hfil&\vrule#&$\displaystyle{#}$\hfil&\vrule#&$\displaystyle{#}$\hfil&\vrule#

&#\hfil&\vrule#&#\hf il&\vrule#&#\hfil&\vrule#\tabskip=Opt\cr\bs{o.2truein}\trule

\om &height2pt &\om I \om I \multispan3 I \om I \om I \om & \cr

\sI\orn I\om I\multispan3\hfil Dimensions \hfil I\oni I\orn I\om & \cr

\I \hfil Physical I \hfil Sym- \hidewidth I \multispan3 I \hfil SII

\hfil Conversion \hidewidth I\hfil Gaussian & \cr \bs{1.Sex}

\noal ign{\mover ight1. 9 1true in \vbox{\hrule widthl.45truein}} \tska{7}{i.Oex}
\s I \hfil Quantity I \hfil bol I \om \hfil SI \hfil I\om \hfil

Gaussian \hfil I\hfil Units I \hfil Factor I\hfil Units & \cr
\tska{7}{7ptj \,.rule \tska{71.iOptl \trule \tska{7}{2pt}

\ml Force I{\bf F1 I{ml}\overft-2} I {ml}\over~t-2} I
newton 1 $10-5$ 1dyne & \cr

\ml Frequency I $f Anu$ I 1\over t I 1\over t Ihertz 1 1 hertz & \cr

\ml Impedance I $$I {ml-2\overftq-21 I t\over 1 1 ohml
$\d isplaystyl e{1 \over 91\times 1O{ -11}$ \hidewidth I sec/cm & \cr \tska{7}2pt}

\ml Inductance I $L$ I{ml-2}\overfq-21 {t-2}\over 1 1henry I

$\displaystyle{1\over 91\times 10-{-i1}$\hidewidth Isec$-2$/cm &\cr \tska{7l{2pti

\s! Length $1$ 1 I 1 1 meter (in) 1 $10-2$ 1

centameter \hidewidth & \cr \tska{71{2ptl \bs{1.Oex} '

\s II I I I \quad (cm) & \cr

\sl Magnetic I {\bf H1 ( q\over~lt} I {m-{1/211 \over~l-{1/2}t} I
ampere-- I $4\pi\times1O-{-31$ \hidewidthI oersted & \cr \bs~l.Sexl

\sI \quad intensity I I II \quad turn/nI & \cr i

\m! Magnetic flux I $\Phi$ I{ml-2}\over~tqT I {m{Il/2}l{3/211 W

\over t Iweber 1 $10-8$ 1 maxwell & \cr \tska{7}{2pt}
\mi Magnetic I {\bf ET I m\c-:o. {tq} I {m-{1/2}}\over {l-{1/21t} I S

tesla 1 $10-4$ 1 gauss & \cr \bs{1.75ex} i
\sI \quad induiction II I I I I & \cr %w

\ml Magnetic I $m, \rnu' I {1-2 q}\over t I {m-{1/2}l{5S/211\over t I
armur.--r525~bi width 1 $10-3$ 1oersted-- & \cr \bs 1.75exl

\r!\utadinore ~ -qadc 3$ & \cr

vtin\hidewidth I{\bf MI} q\overflt} {m-{1/21}\over

1/ t} I amnere- \hidew,,idth I $10-f-31$ I oersted & \cr \bs{1.75ex}

\q rI ruad, turn/n m \cr
\..-* i~ I {\cc- M1, q\over t I {m-1/211/2}\over~t-21 I

ez-I $\di~playstyle{4pi \over irC}$ I gilbert & \cr \bs{2.Oex}

I "quadl m(-t-ance Iflaif I I '.quad turn I(& \cr
\,r Ma I m, Mt \hidewirh i m I mIn kilogram 1$10-3$1 gram (g)&\cr\bs{I.75ex}

\0 \quiad (kg) I I t ci
M- -.tmt I T{'b!f p}) {' b PKS 1 {l}\over t I {ml}\over t I

rnI Mcine ntum I I mover'1-2 0t1 m\nvr 12 0} 1 kg/m$-2$--sA

\sI \squid denn.-,ty I Ii&\r
\ml Petrneahiliry .t$\rmu$ 1 rnK\overfq-2} I I I inry/mI

$\drjcpaystvlj{ 've 4 pi\'t1~rea 1O-{7\ph{C}}S I \qquad --- &\cr

\trka{7}{2pt}~~~~~ hrie}55'f~' jc~

% V %
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Dimensions

Physical Syni- SI Conversion Gaussian
Quantity bol SI Gaussian Units Factor Units

ml ml"
Force F t- t--2- newton 10 s  dyne

1 1
Frequency fv - - hertz 1 hertz

t t
In1, 2  t 1 

Impedance g oh1 - x 10 - 1  sC(C/'Cli
tq 2  l 9
1-1,12  t 2  2 1 c

Ind1(uctance L q henry - x 10 sec 2q2  1 90

Length 1 1 1 meter (1i-) 102 centimeter
(cni)

Mantc H q m 3

Magnetic H ampere 47r x 10 - 3  oersted
intensity 1l/2 turn/ni1

lit l 2  lt1/ 213/
2

Mgnetic flux (1) weber lo maxwell
tq t

1/2

la-giietic B - tesla 10 4  gauss
2q r 125/22

MLgnetic 'm. P q r1/ 2 ampere- in 10 3  oersted

10i11(iltt t (i-

NkI-;igetizatioin M q m 1/2 ampere- 10 oersted
it 11/2 t turn/rn

q Il 1 / 2 11/2 47r
Nl;, g ijeto- .A4. -ampere - gilbert

t 102
1110t ;L11CC N llft t.turn 1

N 1ass Ill. / i kilogram 10 grain (g)
(kg)

Nl I ,ilit 11ll1 p. P kg i/s 100 g cm/s(1(
t t

Ill 2I.

kg/iii -  s i('11 2  sC C

dicIiI I t .

11 ,

*0 . .. . . . . . . . 7.. . . . . . . . .
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\input prolog \pagenol12
\hoffsetz1.0truein\voffset=l.otruein\hsize=6.Struein\vsize=9.Otruein
\centerline{\ }\nointerlineskip

$$\vbox{\tabskip=Opt \otfinterlineskip
\halign to\hsize{#&\vrule#\tabskip=0.25em pluslem&#\hfil&\vrule~&
#\hfil&\vrule#&$\displaystyle{*}$\hfil&\vrule#&$\displaystyle{#}$\hfil&\vrule#
&#\hfll&\vrule#&#\hfil&\vrule#&#\hfil&\vrule#\tabskip=Opt\cr\bs0. 2truein}\trule
\om &height2pt k\om I \cm I \multispan3 I \om I\om I \om & \cr
\sI\om I\om l\multispan3\hfil Dimensions \hfil I\om I\om I\om & \cr
\s I hfil Physical I Nhfil Sym- \hidewidth I \multispan3 I \hfil SI I

\hfil Conversion \hidewidth I\hfil Gaussian & \cr

\bs{I. Sex}\nioalign{\moverightlI.69t rue in \vbox{\hrule width I.45truein}}\tska{7}{ 1 Oex}

\s I \hfil Quantity I\hfil. bol I\om \hfil SI \hfil I\orn \hfil

Gaussian \hfil I \hfil Units I \hfil Factor I \hfil Units & \cr
\tska{7}{7pt} \trule \tska{7}{1.Optl \trule \tska{7}{2ptl

\ml Permittivity I$\epsilon$ I{t-2q-2\overfmlV3} 1 1 1 farad/n I

a $36\pi\times 10-9$ 1 \qquad --- & \cr
*\mI Polarization I {\bf PI I q\over{1J2} {m{ 1/2}}\over~l{1l/2}t} I
* coulomb/m$-2$ \hidewidth I~3times 10-5$1 statcoulomb\hidewidth &\cr\bs{1.5ex}

\sI I I I III \quad /cm$-2$ &\cr
* 'mI Potential I$V,\phi$ \hidewidth Jfml-2}\over~t-2qI jfm-{1/211-{1/2}}

\over t Ivolt I $\displaystyle{1I\over 3}\times10-{-2}$ Istatvolt &\cr\tska{7}{3pt}
\mI Power I $P$ I {ml-21\over~t-31 I {ml-21\over~t-3} watt 1 $10-7$

erg/sec & \cr
\in) Power II m\over~l t-31 I m\over~l t-31 I watt/zm$-3$ 1 10 1

* erg/cm$-3$--sec \hidewidth & \cr \bs{1.75exl
*\sI \quad density I I I III & \cr

\mI Pressure I $p. P$ \hidewidth I m\overfl t-2}1 I m\over~l t-2} I
pascal 1 10 1dyne/cm$-2S & \cr \tska{71{2ptj

\sI Reluctance I {\cs RI I {q-21\over~ml-2} 1\over 1 1
ampere--turn \hidewidth I$4\pi\times 10{ -9)$ \hidewidth I cm$-{-11S &\cr\bs{1.Sex}

\sI I I II \quad /weber II & \cr
\ml Resistance I $R$ I {ml-2}\over~tq-2} I t\over 1 1 ohm I
$\displaystyle{1\over 9}\times 10-{-111$ \hidewidth I sec/cm & \cr \tska{7}{2pt'

\ml Resistivity I $\eta,\rho$ I {ml-3}\over~tq-2} I t I ohm--in I
$\displaystyle{1\over 9}\times 10-{-9}$ 1 sec & \cr \tska{7}{3pt}

\sI Thermal con- \hidewidth I $\kappa, k$ I {mll\overft-31 I
{ml}\over~t-31 I watt/rn-- 1 $10-5$ 1 erg/cam--sec-- \hidewidth & \cr \s1Ex

* \sI \qjuad ductivity I I II \quad deg (K) $\ph{0}$ I I \quad
deg (K) $\ph{0}$ & \cr \tska{71{2pt}

\sI Time I $t$ I t I t I second (s) I I I second (sec)& \cr
\ml Vector I {\bf Al I {ml}\overftql I {m-{1/2} 1-{1/2}}\over t I

weber/m 1 $10-6$ 1 gauss--cm & \cr \bs{2.Oex}

'a.\sI \quad potential I I I I II & \cr
\mI Velocity I {\bf v} I l\over t I l\over t I in/s 1 $10-2$ 1cm,/,sec & cr

m \mI Viscosity I $\eta,\mu$ I m\over~l t} I m\over~l t} I kg/in--s 110 1
poise & \cr \tska{7}{2pt}

\mI Vorticity I $\zeta$ iI \over t I I~over t I s${f-l)$ 1 I Ie${-}

\mI Work I $W$ I {ml-21\over~t-21 I {mlV2}\overWt2} joule 1 $10-7$ 1

- erg & \cr \tska{71{2ptl \trule}}$$ \vfil\eject\end

1 2a
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Diii Ci i Us

Physical SYin- SI Conversion GauSSianl
Quanity bol SI Gauissian Units Fac t or Unit's

Periiiitt ivity f U 1 1-- farmur/11 367r x io,

q li 1/2
12 lt c oilllnd-/I 112 3 x 10 s tatcoloib

ot.'titl V.) -1 -n 12 ~ 2 Volt 1 x 10-- statvolt
tq t 3

1o~l -watt 10' erg/seIC

Power -~--- Iwat t/inl 10 erg/cm3 SCC
dctsity I 3  it3

1 1t2

P r s I c ~ 1) /acl 1 dl ccr

1112  19

f, q 1 1
1,113t viy rj t o1111 In' 1 x 10 5CC

tq,2 9

Tlweimti;11 (ol- 1;. - watt/ ill 10i "r/CM seeC

~lictvi~vt d(eg (1K dleg 1K

f t t SeCon ) s 1 seod it e

At4 lit c il I Wj ";1t H

I I

Ill/ lig/llt i

- - --- - 1 h I _____

1.2

.... ... ... ...-. ............................................... * * - . .. ... .... N**.%
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\input prolog

\hoffset=1.25truein\voffset=l.Otruein\hsize=6.Otruein\vsize=9.Otruein

\pageno=13

\centerline{\headfont INTERNATIONAL SYSTEM (SI) NOMENCLATURE$^6$}

\nointerlineskip
S$\vbox{\tabskip=Opt \offinterlineskip \def\S{{$\ph{*)$}}

%. \S is used to leave the space of an asterisk, so that text lines up.
\halign to \hsize{\vrule# \tabskip=O.Sen plus2em rinusO.Ser&#\hfil\strut&\vrule#

&\l\tabkaO.e plusiem xnil&usrem#\filstru=Ot&\rule#&#\hf&\vrule#

\hfbsip=.e lse iul#\hfil\vue\asiOpcr\tru \skb{2pt}\bsilpt}ul

k\hfil Phyil\hfle#NarnSinbollc tue tk 1tj\si

&\hfil Physicall\hfil NamelSymboll\r\slt

&\hfil Quanity I\hfil of Unit Io\hlfr Uni~t I
&\hfil Quantity t\hfil of Unit I\hfil for Unit&\r\sb2t blp}\rl

\tskb{I.Opt} \trule \tskb{2pt} \bsflpt}

&*lengthlImeterlIml &electriclIvoltlIV&\cr \bs{2pt}

&\omlI\omlI\omlI&potentialI I &\cr \bs{ 2pt}

&*massI ilogram Ilkgl1&\om 1 \orn \rn&\cr \bs{2pt}

&\om I \romtI \omLI&electric Iohm I $\Omega$&\,cr \bs{2ptl

&*time Isecond Is I&resistance I \mI\os&\cr \tskb{2pt}

&*current I ampere IA I&electric Isiemens IS&\cr \bs{2pt}

*&\om I IrmI \om I&con~ductance I\om I\om&\cr \bs{2pt)

&*temp~eraturelkelvinlKl&\oml\onl\cn&\cr \bs{2pt}
&\oml \om I\oml&electriclIfarad IF&\cr \bs{2pt}

*&*amount of I molelImol I&capacitancelI\omi1\om&\cr \bs{2pt}

&\S substance I\omlt\om Il&\oml \oml \om&\cr \bs{2pt} \bs{2pt}

&\ oml\oml\omI&magnetic fluxkjeberlWb&\cr \bs{2pt}

&*luminouaslcandelalcdl\onl\onl\om&\cr \bs{2pt}

&\S intensity I\oml \oml1&magneticlIhenrylIH&\cr \bs{2pt}

&'ornmIm\omI&inductance\oni\om&\cr \bs{2pt}
&'.dag plane anglelIradian IradI&\oml \onl \o&\cr \bs{2pt}

k\,oml ,nmI\(-rnkmgneticlteslaiT&\cr \bs{2pt}

&'\dag solid anglelsteridianlsrl&lntensityloml\o)m&\cr \tskb{2pt}

t\2 f r--ienc I hertz IHz I glurrinus fluxilumenllm&\xcr \tskb{2pt}

& 2 en-* F'y 1 Inule I JI &i I I uminance? I lux I I x&'\,cr \tskb{2pt I

k, c~etnIIatvt (of albecquerellBq&Ncr \b)S{2pt}

m I \cn I rad,. cactive w~I \rsm&'cr \hs{2pt}

pr P -cu. I pascalI I Pa I kso-ui co- I \nmI \cmk\cr \tsk b {pt}

I : r! f - 7

$$ v I- x{ t a bs k p pt\ ,f f i nt, r 1 1 n fck 11) \d f'h I, fh (I e wi c!t h}

THE MACRO \hw TS TT'.T 111"E TO SAVE SPACE AND- TYPING.

~ha in t.; 'h s Ize{f',, v # tahk 11, em pl ii 2 -, m i n i quad 1h f i v r u -V

t U h fi v ;r 111P VV 1 hfI I1hf i Istr ut 'v r iiI I \talk ,p C('p t' h sk 1p) 1 0pt Cv iu le 4

'ta t: kp I P&r 1) pu s 2 err, iIm' Pr- ;ua IVh f I It vrUI & Vrl l57 hf IIk1:u It

t', om'h f1 'lh w MulIt ip I hw h f i I I hf i Ihw P r f i xhv.Ih w SyrnNboIh4

1 3b
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&\om\hlil\hw M.ultiple\hw\hfill\hfil\hw Prefix\hwl\ha Symbol\hw&\cr
\tskb{2pt} \trule \tskb{1.Opt} \trule \tskb{2pt}

&$10-i}S1$deci IdI&$1O$idecalda&\cr \tskbflpt}

&$10{ -2}$Icentilcl&$10-2$hectolh&\cr \tskbflpt} '

&$1OM -3}$IrnillilmI&$10-3$Ikilolk&\cr \tskbflpt}
&$1OM -6}$ I[microl1$\mu$ 1I&$10O-6$I1mega IM&\cr \tskblpt}
&$10-f-9)$ Inano InI1&$10-9$ IgigaI G&\cr \tskbflpt}
&$1OM -12}$ipicolpl&$10v{12$IteralT&\cr \tskbflpt}

&$10Y{-1S}$femtolflI&$10{ 11$fpetafP&\cr \tskbflpt}
&$1OM -181$lattolal&$10Y{18$exaiE&\cr \tskb{2ptY \trule}}$$
\vfill\ej ect\end

13c
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V~w"V"1kw V-V-VV.- V LM

*INTERNATIONAL SYSTEM (SI) NOMENCLATU REG

Physical Name Symnbol Physical Name Symbhol
Quantity of Unit for Unit Qu1antity of Unit for Unit

**leiilgtli meter III electric volt V
poten lt ial

*1;IaS kilogram kg elcrc011

*timnec second s resistance

*cli rremt. ampere A electric sieml-ens S
condluctance

*t ('111 p (1a;tire kelvinm K
electric farad F

*a.llino1it of moeml capacitance
Sill Il1101 i c

Susac magnetic flux weber Wh
*lu111iiiolis candlela cd

in ten'isi ty magnetic henry H
indluctance

t p1alie anglle radian radl
1mnagiletic tesla T

t",(l( aiigle steiradiail sr initensity

fi(( e1iciy hertz Hz luminous flux liluen I1m

iiegyjoulle *J illuminance lux lx

fore ewtonl N activity (of a becquerel Bqj
r adlio ac tivye

presure ascal Pa source)

)()Vc r Watt XV ab~sorbed (lose gray Gy
* (of ionlizing

"Sr SI se iiiiit, tSiippleimentary Uniit

METRIC PREFIXES

Molt liple Prefix Symbol multiple Prefix Symboll

10)1 (Ieci (d 10 d eca da

10( - '2((.11 ti C 10 2 hlec to 11

m0i illi III 103  kilo k
10" G iuiCro 1p oiliega m

10 ~ n1;U1 11 10 ~ iga G

10-12 1) iC po 1012 t er; L

133

10 ~ ~ ~ ~ ~ fe I i 0 )e.
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&\quad\quad free space & \cr \tskc{4}{2ptl

& Proton/electron mass I $mp/m.e}$ I $1.8362\timesIO-3$ I & \cr

& \quad\quad ratio I I I & \cr \tskc{41{2pt)

& Electron charge/mass I $e/{m~e}$ IS1.7S88\tirnes1O-{11}$ IC$\,SkgV-1}$ t c

& \quad\quad ratio I I I & \cr \tskc{4}2pt}

* & Rydberg constant I R-\infty=\displaystyle {mne-4 \,over 8{\epsilor _0O}2

ch-31$ I $1.0974\times1O-7$ I m$-1}I$ & \cr \tskc{4}{2pt}

*& Bohr radius ISa-o=\epsilonO0 h-2/\pi me^2$ I$5.2918\timeslC{ -I $ , M -

\tskc{41{2pt}

& Atomic cross section I $\pi {a-0}-2$ I $8.7974\timesiO-{-21}$ 1 m$-2$ 9,

\tskc{4}{2ptl

& Classical electron radius ISr _ e~e2/4\pi \epsilonO0 mc-2$ I$2.8179

\tireslO{ -15}$ I m & \cr \tskc{41{2pt}

& Thomson cross section 1$(8\pi/3){r~eY2$ I$6.6524\timeslO-{-29}$ 
In$-2$ 9--

\tskc{4}{2ptl

& Compton wavelength of I $h/{meclS I $2.4263\times10O{-121$ I m & \Cr

& \quad\quad electron I$\hbar /{mec}S 1$3.8616\timesI0O{-131$ Inn

& \cr \tskc{4}2ptl

& Fine-structure constant I \alpha&e2/2 \epsilon-O h c$

$7.2974\timesIlO{-31$ I & \cr

& ! \alpha-{-1}S \hfil $137.04$ 1 & \cr \ts1kc{41{2ptl

*& First radiation constant I c-1=2\pi hc-2$ I $3.7418\times10O {2}$

WS\,Sm$-2$ & \cr \tskc{4}2pt}

& Second radiation S c-_2=hc/k$ I 1.4388\timeslO{ -2}$ I m$\,$K &\cr

& \quad\quad constant I I I & \cr \tskc{4}2pt}

& Stefan-Boltzmann I $\sigma$ I $5.6703\times1lO{-8}$ I

W$\,m$--21$$- 4j$& \cr

& \quad\quad constant I II& \cr \tskc{4}2ptl \trule}}$$

%. END OF RULED TABLE.

\vfil\ej ect\end

14c
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PHYSICAL CONSTANTS (SI) 7

Physical Quantity Symbol Value Units

Boltzmann constant k 1.3807 x 10 - 23 J K

Elementary charge e 1.6022 x 10 - 19 C

Electron mass 'rn 9.1095 x 10 - 3 kg

Proton mass mp t 3726 x 10 - 27 kg

Gravitational constant G 3.6720 x 10 - 11 in 3 kg

Planck constant h 6.6262 x 10 - 3 4 J s
h= h/27r 1.0546 x 10 - 3 4 J s

Specod of light in vacu'li, c 2.9979 x 10 ins - 1

Permittivity of E0 8.8542 x 1012 F m 1

frec space

Pcrmm-iahility of /to 4r X 10 H in-1

free sp~ace

Proton/elcctronl mass rn, /'ni 1.8362 X 10 3

ratio

Electron charge/mass e/ n, 1.7588 X 1011 C kg - 1

ratio)
,rt 4

IV l (.ig constant.t 1.0974 x 10' inl-8 0 2 ch 3

Bohr rad(lils a0 = o h2 /7rrn.i C2  5.2918 x 10 - 11 m

At,o)l1 : cross sect11o 7r (to- 8.7974 x () - 2 1 -1

Cla.ssical electron radills r = 2 /47rl.2 2.8179 X 10-15 in

T ll iSoii (ross sect1ioi (8rw/3)r( -  6.6524 x 10 - 29 1112

Coinj)tOll waveLIigt h of b /r ,, c 2.4263 x 10 - 12 in

clctrolIt b/,: c 3.8616 x 10 - 13 1n

Fin- strmctre coiistant (V C /2b.ohc 7.2974 x 10 - '

( -1137.04

First ral di atiomi Coist.; t c(1 = b2rh - '3.7418 x 1 2 W in

Secoii(I, radiatioti c2 = b.c/k 1.4388 x 10 K
CrOll. t .iii I.

Stcfant-Boltzl.iamiin ) 5.6703 x 10- Wi Km-

'4
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\input prolog

\hoffsetzl Otruein\voffseot 1 Otrueinlhsize:6. 5trueinlvsize 9 ftruein

\pageno=15

$$\vbox{\offinterlineskip \def\quad{\hskip 4ptl \def \quid '\hskip lpt} \hrule

VThe definitions of \quad and \quid change from table to table in order

% to keep overall table widths the same.

\halign {&\vrule# &\quad #\hfil \quid &\vrule# &\strut \quad #\hfil \quid

&\vrule# &\quad #\hfil \quid &\vrule# &\quad #\hfil \quid &\vrule# \cr \tskc{4}{2pt}

&\hfil Physical Quantity I \hfil Symbol I \hfil Value I \hfil Units & \cr

\tskc{41{2ptj \trule \tskc{4}{1.Opt} \trule \tskc{4}{2pt}

& Wavelength associated I $\lambda-0 =hc/e$ 1 $1.2399\timeslO{ -6}$ Im &

\cr & \quad\quad with 1 eV I I I & \cr \tskc{4}{2pt}
& Frequency associated I $\nu-0 = e/h$ I $2.4180\timesl0{ 141$ I Hz & \cr

& \quad\quad with I ev I I I & \cr \tskc{4}{2pt}
& Wave number associated I $k-O = e/hc$ I $8.0655\timeslOS$ I rn$-1}$ &'\cr

*& \quad\quad with 1 eVI I I & \cr \tskc{4}2pt}

& Energy associated with I$h\nu-..$ I $1.6022\timeslo0{-19}$ I 3 & \cr
& \quad\quad 1 eV I II & \cr \tskc{4}2ptl

& Energy associated with I $hc$ I$1.9865\times10-{-25}$ 1 3 & \cr

& \quad\quad I mV-1}$ I I I& \cr \tskc{4}2pt}

*& Energy associated with I $me-3/8{\epsilon0)-2 h-2$ l\hfil 13.606 1 e7 k -r

*& \quad\quad I Rydberg I I \cr \tskc{4}{2ptj

& Energy associated with I$/ I$8.6173\timesl0--}$ IeV & \cr

& \quad\quad 1 Kelvin I I & \cr \tskc{4}{2pt}

& Temperature associated I $e/k$ I $1.1605\timesIO-4$ I K & \cr

& \quad\quad with 1 ev I I I & \cr \tskc{4}{2pt}
*& Avogadro number ) $N-A$ I $6.0220\timeslO{f23}$ I mol${ -11$ & \cr \tskc{4}{2pt}

*& Faraday constant I$F=N.Ae$ I$9.6485\timeslO-4$ I C$\,$mol$-1}$ &\cr\tskc{41{2pt}
*& Gas constant I $R=N-Ak$ I\hfil 8.3144 1J$\,$K${ -11$mol${ -1}$ & \cr

\tskcf41f2ptI

& Loschmidt's number I$n-0$ I $2,6868\timeslO-{251$ Im${ -31$ & \cr
& \quad\quad (no. density at STP) I II & \cr \tskc{4}{2pt}

& Atomic mass unit I$m-u$ I$1.6606\timesIl0{-271$ I kg & \cr \tskc{4}{2pt}

& Standard temperature I $T0C$ I \hfil 273.16 1 K & \cr \tskc{4}2pt}

& Atmospheric pressure I$p-0n-kT-O$ I$1.01133,tmesl105$ I Pa & \cr \tskc{4}{21ps}

& Pressure of 1 mm Hg II$1.3332'\times10-2$ I Pa & \cr

& \quad\quad (1 torr) I II& \cr \tskc{4}{2pt}

& Molar volume at STP I $V..=RTC/p-0$ I $2.241S\t~meslo{f-2}$ Im$-3$ & \cr

\tskc{4}{2pt}

& Molar weight off air I$,ML{\rr air}$ I$2.8971\timesIO-{-2}$ I kg &c~sc4{:.

& calorie (cal) I I\hfil 4.1868 3 & \cr \tskc{4}{2pt}

% ~ & Gravitational I $g$ I \hfil 9,8067 1 m$\,$s$-{-2!$ & \,cr-

% & \quad\quad icce1pration I I &\cr \tckc{4fl2pt}}l \!rule}T$
\vfil\eject\end(,
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4

Physical Quantity Symbol Value Units

wavelength associated Ao = hcle 1.2399 x 10 - 6  n
with 1 eV

Fre(luency associated V0 = C/h 2.4180 x 1014 Hz

With 1 eV

\Vave inumier associated k0 = e/hc 8.0655 x 105 1-

with 1 eV

Energy associaLted with hv 0  1.6022 x 10-19 J

Eiiery associated with hc 1.9865 x 10 - 2 1 j
1 11-1

Energ,,y associated with "mie3 /8eo 2 It 2  13.606 eV

I Ilvdberg

E.'rliv associated with k/e 8.6173 x 10 - 5  eV

1 Kelvil
T-lll.)Vr;ttllre :LssOiiLt.ed elk 1.1605 x 10K

with 1 eV

Avogaulio iitiiier N. 6.0220 x 103 tool -1

Ftr;tdaty constant F = NA P 9.6485 x 104 C 1-1 1

(;;Is ii)iist iit, R = N. 4 k 8.3144 J K-1iol -1

lu,.liliii'dt 1111111ber '1,( 2.6868 x 1025 3

(110. ,(1lisity ULt. STP)

At uiii 1iass 111 nt n, , 1.6606 X 10 - 27 kg

St;mlal1 t'ilper;tlire tTO 273.16 K

Atim, -pliric pressuire p=rlokTo 1.0133 x 10 5 Pa

Sre ssiie o,' 1 111111 [fg 1.3332 X 102 Pa
(I t,,rr)

Xl,,lar vl i11,' a0 STIP Vo = RTo/po 2.2415 X 10 - 2 In 3

v, w i"glit ,,f ail, Alitir 2.8971 x 10- 2  kg
,;,,,r,' ,' l)4.1868 J

15
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\input prolog A,

\hoffset~l.Otruein\voffset~l.Otruein\hsize=6.Struein\vsize=9.Otruein 1

\pageno=16

\centerline{\headfont PHYSICAL CONSTAHTS (cgs)$-7$}

$$\vbox{\offinterlineskip \def\quad{\hskip 3pt} \def\quid{\hskip Opti \hrule

% h dfniinso \udand \quid change from table to table in order

\halgn &\vule &\qad \hfl \uid&\vrule# &\strut \quad #\hfil \quid
&\vrle#&\qad \hfi \qid \vrle#&\quad #\hfil \quid &\vrule4 \cr \tskc{4}{2pt} .

&\fiPhyicalanity I \hfil Symbol I \hfil Value !\hfil Units &\cr\ts1kc{4Y{2ptl

EBlemnar chnsage I $$ I$1.3S07\timeslO{ -16}$ ierg/deg$\,$(K) &\cr\tskc{4}{2pt}

& Eemetar chrgeI $$ I$4.8032\times1O-{-10}$ I statcoulomb L, \cr
& I I quad(sttcou) &\cr\tskc{4}{2ptl

& Eecton assI $m-e I$9.1095\times10O{-281$ Ig & \cr \tskc{4}{2pt}

& Poto mss $m-p I$1.6726\times1lOM-241$ Ig & \cr \tskc{4l{2ptl

& Grvittionl cnstat I$G$I $6.672O\times1O0-S}8$ I
dyne-cm$-2,/$g$-2$ & \cr \tskc{4}{2pt}

& Planck constant I $h$ I $6.6262\timesIO-{-271$ I erg-sec & \cr%
& I$\hbarrh/2\pi$ I $1.OS46\times1O-{-27}$ 1erg-sec & \cr \tskc{4}2pt}

*& Speed of light in vacuum I $c$ I $2.9979\timeslO{ 1O}$ Icm/sec &\cr\tskc{41{2pt}

*& Proton/electron mass I ${m-p}/{m-e$ I $1.8362\timeslO-3$ I & \cr
& \quad\quad ratio I I I & \cr \tskc{4}2pt}
& Electron charge/mass I $e/{m-e}$ I $5.2728\timeslO-{171$ I

statcoul/g & \cr

& \quad\quad ratio I & \cr \tskc{4}2pt}

& Rydberg constant I $R-\infty=\displaystyle{{2\pi-2me-4}\overfch-3}}$ I
$1.0974\timesIOS5$ I cm$-1}l$ & \cr \tskc{4}{2pt}

& Bohr radius I $a-9=\hbar-2/{me-21$ I $5.2918\times1lO{-9}$ Icm &\cr\tskc{4}{2pt}

& Atomic cross section I $\pi {aO}1-2$ I $8.7974\times1O0--171$I

cm$-2$ & \cr \tskc{4}{2pt}

& Classical electron radius I $r-e&e2/{mc-2}$ I $2.8179\times1O-{-131$I
* cm & \cr \tskc{4}2ptj

& Thomson cross section I $(8\pi/3)re12$ I $6.6524\timesIO-{-251$ I
cm$-2$ & \cr \tskc{4}{2pt}

& Compton wavelength of I $h/{m ec}$ I $2.4263\times1O-{-1O}$ Icm & \cr

& \quad\qjuad electroni I $\hhar/{m-ec}$ I$3.8616\tim(es1O-{-11}$ 1cm &\cr\tskc{ }21pt}

& Fine- structure cronstant I $\alphae-2/hbar c$ I$7.29)74\times1O-{-3}$ & tIcr

&I$\alpha{ -1}$ I \hfil $137.04$ & \cr \tskc{4}{2pt}

&First radiation cns tant I c-1=2\pi hc-2$ I 3.7418\times1O{f-5}$I

erg-cm$-.2/1:c-c & \cr \t-,kc{.4}{2pt}

?k Second radiation I $c-2=hc /k$ 1 \hfil $1.4288$ I cm-deg$\,$(K) & \cr

& \qnid\quad constant I II & \cr \tskc{4}{2pt}
&Stefan-Boltzm,-Ann I $\sigma$t I $5.6703\timeslO-{-5}$ I erg/cm$-2$- & \cr

P & \quad\quad constant I \quad sec-deg$-4$ & \cr \ts1kc{4}{2ptl

W .avelength ass-ociated I $\lamhda _0$ 1$1.2399\,times10-4}0$ I cm & \cr
& \quad\quad with 1 eV I I & \cr \tskc{4}{pt} \trule}}$$

\vfil\ej ect\Pnd
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PHYSICAL CONSTANTS (cgs) 7

Physical Quantity Symbol Value Units

Boltzmann constant k 1.3807 x 10 -  erg/deg (K)

Elementary charge c 4.8032 x 10 - '( statcoulonib
(statcoul)

lctron mass rn 9.1095 x 10 - 21 g

Proton mass rp 1.6726 x 10 - 24 g

Gravitational constant G 6.672(0 x 10 - 8 (lyne-cn2/g 2

Planck constant h 6.6262 x 10 - 2 7 erg-sec
h = h/27r 1.0546 x 1(-27 erg-sec

Speed of light in va(cuumiln c 2.9979 x 1010 Cll/sec

Proton/electron mass mP /lit 1.8362 x 10 3

1*'Itt, i 0

Electron charge/mass C/nt 5.2728 x 1017 statcoul/g
ratio

2 7 -2 , 4

Ryd '.rg colnstant R = 1.0974 x 10' cIn1

Bolx radius ao h2 /,11C 2  5.2918 x 10- 9  cm

\to iiliC CrOss sect.ionl 7ra0o 8.7974 x 10 -17 (' -

-(t:s.i, al clctroln rali1s tr. = c / u. 2  28179 10-13 Cm

'Fonw, (105,s s(ctioll (87r/3)r, 6.6524 x 11112

( I hipt1, waVvcle('ngth of h/ I'm, C 2.4263 x 10 - '(1 cmi

C.I C'tr,, IIt/rn c 3.8616 x 10 - 11 cm

I"ii - I 1'(1llil' (VIihlt. (1 , 7.2974 x 10
-- 1 137.04

tjirt v;,,liatiwi ( I~u ~lSt il C r1  - 27r hr2  3.7418 x 10 - 0 erg-(cx 2 / sec

4(O(1 r mliat ion r hr/k 1.4388 cil-deg (IK)

Stcft',11-13,l t ol 5.6703 x) 1()- 5  erg/cm2-
(OLit ;klt s4c-(1eg 4

\VavIhIIgt I assoCiatd A0  1.2399 x 10 - 4  Clll

with I (,V

16



\input prolog

\hoffset=l.0truein\voffset=1.truein\hsize=~6.Struein\vsize=9.Otruein

\pageno=17

$$\vbox{\offinterlineskip \def\quad{\hskip 4ptj \def\quid{\hskip lpt} \hrule

% The definitions of \quad and \quid change from table to table in order to4

% keep overall table widths the same.

\halign {&\vrule# &\quad #\hfil \quid &\vrule# &\strut \quad #\hfil \quid

&\vrule# &\quad #\hfil \quid &\vrule# &\quad #\hfil \quid &\vrule# \cr \tskc{41{2pt}

&\hfil Physical Quantity I \hfil Symbol I\hfil Value I\hfil Units &\cr\tskc{4}{2pt}

* \trule

heighti Opt &\om I\om I\om I\om & \cr

* \truile \tskct41i2ptl

& Frequency associated I $\nu-0$ I $2.4180\timesl0-{141$ IHz & \cr
*&\quad\quad with 1 eV I I I & \cr \tskc{4}{2pt}

& Wave number associated I $k..0$ I$8.06S5\timesIO-3$ Icm${ -11$ &\cr

& \quad\quad with 1 eV III & \cr \tskc{4}{2pt}

*& Energy associated with (I $1.6022\timesIO{ -12}$ Ierg & \cr

& \quad\quad 1 eV III & \cr \tskc{4l{2ptl

*& Energy associated with I I$1.9865\timesIl0{-161$ Ierg & \cr

& \quad\quad 1 cm$-{-1}$ I II & \cr \tskc{4j{2pt}

& Energy associated with I I \hfil 13.606 1 eV & \cr

& \quad\quad 1 Rydberg I I I& \cr \tskc{4}2ptj

& Energy associated with I I$8.6173\timeslO{ -5}$ I eV & \cr

& \quad\quad 1 deg Kelvin I I I & \cr \tskc{4}2ptI
& Temperature associated II $1.1605\timeslO-4$ I deg$\,$(K) & \cr
& \quad\quad with 1 eV III & \cr \tskc{4}{2pt}

& Avogadro number I$- I $6.0220\timesi±0{23}$ Imol$-1}$ & \cr \tskc{4}2pt}
& Faraday constant I $F=N-Ae$ I $2.8925\timeslo-{141$I

* statoul/mol & \cr \tskcf41'L2ptI

& Gas constant I$R=N-Ak$ I$8.3144\timesl0-7$ I erg/deg-mol & \cr \tskc{4}{2pt}
*& Loschmidt's number I$n-O$ I$2.6868\times10-{19}$ Icm${ -3}$ & \cr

&\quad\quad (no. density at STP) III& \cr \tskc{4}{2pt}

k Atomic mnass unit I$m-uuI $1.6606\times10{ -24}$ Ig & \cr \tskc{4}{2pt}

RA Standard temperature I$T0O$ I \hfil 273.16 1 deg$\,$(K) & \cr \tskc{4}2pt}

&Atmospheric pressure $ 1 0n-OkT-0$ I $1.0133\timesl0'6$
dYnefoIm$-2$ & \cr \tskc{4}{2pt}

& Pressuire of 1 mm, Hg II$1.3332\timesl0-3$ I dyne/cm$-2$ & \cr
&\quad \quad (1 torr) I I \cr \tskc{4}2pt}

R,~ia volum- at STP I$'U0ORT-0/p-_ $ I$2.2415\timesl0-4$ lcm$-3$ &\cr\tskc{4}{pt}

rtMolIar .- ight of air I $M{f\rm air}$ I \hfil 28.971 1 g & \cr \tskcf41f2ptI

&calorie (cal) 11$4. 1868\tim-?s10-7$ Ierg & \cr \tskc{4}2ptl

tGravita-tironal tgt I \hfil 980.67 cm/sec$-2$ & \or

c "quid quad acc-lerat ion I I &\cr \tskc{4}{2pt}}t \hrule}$$

fil~~~ 7a~r'



P hysical Quianti ty Symbol Val mice Units

Frequency associated l 2.4180 x 1014 1 Hz

Wvithi 1 eV

WaT.ve inmber associat.e(I ko 8.()655 x 10, (ili

With 1 ev

Energy associated with 1.6022 x ()-12 erg

-1v

1 Bydberg

Eilcrgy associated with 8.6173 x 105 ev

-. ~ 1d(eg Kelvinl

Temperatu mre associated 1.1605 x 10 d~(eg (1K)

,%ith l 1 ev1( 
2

Av'gadro numbilIer NA 6.0220 x 10 iiiov 1

Fi li I I 1V (coiistaiLit F = N.-i 2.8925 x10' st'atc( iii/ un

G5 (I Ii :-(lt;i lt R? = NA k 8.3144 x< 107 rg/(l(g- iuiol

LhSl~ltinmber Tu2.6868 X 101 Ciii-

(IM. ICuISit-y ;Lt, STP)

Atomiic malss Ilnit 1.6606 x 10-2 g

Stanidaid teuuuperatiire T 273.16 deg (1K)

At mioslihieric picsr 1) o TI,0 k To 1.0133 x 10 dyiie/c'iul2

PrsImre (J 1 mi1ii Hfg 1.3332 x i03 dyie/Cinl

N1Zi ohui tSTPl VO - I? T/pu( 2.21415 x 1c4 m

M>11wt %%i(P1Jt 4fdii ll tir 28.971

edlcjHa) 4. 18S6G x It)7 e

1 98 G7
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\hf set=,,.~ .~ vs 2 u-i-az twu:a =9Otruein
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Here $ Ihaz< -:,$betz', argt ,$V-1}$, $\epsilon§C

z4. F 42 t Tr~ : 7-

imes > 4 $ eieadmtn- crrect S1formula ftc-n

expressed in 2,::i;: ::.Wa tttute f(-r -i-! q, s-nstity according to
$\v{~z..~k23 i}.rr$ K' i s the cc~fza-tr the second column of Ct -

table cor-c ug 1A .nrbars denote- var.ale expressed in Gaussian

un its). Ths,-f theP if rr-l:at v - iaKrov\} -v0 o v} \hbox{\kernc.Spt}

4".~~~~ oveK$ -c teP ... lnes $alpmba - (hbar\beta)-2/ L(m\besa

n. \ Ih2 !Pe a<: ' ta 4' pa ep-si1on. - - I j. = \epsalon.O- J! p0
e-2$. To gi ft 1 -S: nau,,rah units in what,- 1 Llarzcdl$ (distinguished by a

circumflead , '._Ie $ _--'., - \6un{Q}$, .;h-:e i nk} s the coefficient

correspcsdun!ig t. 4asC hird co-lumn. . $-r }.. 4'pi\epsilon-_0

'hbrC/( un-T i-a .- ane;2 \epsalcn c)] c= 4\pr ,\un~m}

hbox{' kr.rpt us . I rnfri;-a frcm} SI units, do not

Susiuef,-! <lt ,$t: $ or $6T.

haligs- ~ ~ ~ ~ i k ial5......... ud k' -r. trur#t$\hfalI&\quad

& l&~~1 f-- 7' F I as an -a 1 fu

& Capacitasac- $i a:t ai ~t-aa-$ $- r- sC--} & \cr \tskc{3}{7n}t

* & Charge V a>T'a p' s4 a-sln -0~

$ ep i1 -C, c cr t: $pt
&Ch~arge- dens.y at; ,et ,ra'.pha-F, ep 1  0 '6/2$

U\epa~n I ia ) $L Ncr \-

L, Curren 1(~ -nt 4 Vi pslnC

& Cu rre nt at y .3 ta, 4N p ialIpha 3\ep- i ) {2/2}$I
$ MuC a al t_ { C) 9$ k& \cr \sc3h-

a.: tr 6 24 &\cr srn

V . -2} cr t{'

Cp lo -) ep.- lron

n- -I a lha 3$ j $0 hba-I :1 \cr \tskc{3}{O .5pt)

-I a- I,*:

. . . . . . . . . . . . .
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Here ( - 102 fin ll1 1 = 107 ergJ - , o = 8.8542 x 10 - 1 2 F i -n

IL, 47r x 10-H in - . c = (=olo) - /2 2.9979 X 108nis - 1. all(

h - .0546 x 10- 3 4 ,j s. To derive a dimensionally correct SI formula
from one expressed in Gaussian units, substitute for each quIatity ac-
cording to Q = k Q. where k is the coefficient in the second colimin
of the table corresponding to Q (overbars denote variables expressed in

Gaussian units). Thus. the formula do 2 for the Bohr radius
becomes neao = (h/3) 2 /[(ri/3/ca 2 )(e 2 Y3/41r~o)] , or ao -- /71Cre-. To
go fl')ll SI to i;atIr;d Ii nits in which h = c = 1 (distingItished by a cir-

nciiflex), use Q = 1-0 where k is the coefficient corresponding to Q,
in the third column. Thus ato = 47rroh2 /[(fltm/c)(e -Fuh,)] - 4ir/T.,

(In tranisforminig f'Yoml. SI units. do not substitute for co. po. or c.

Physical Quantity Gaussian Units to SI Natural Units to SI

CLp;Li taim.ct (/47r o 0  O-1

Charge ((-I/3/47r fo )1 / 2  (, o c) - 1/ 2

Ch lrc densi ty (//4 (o) 1 / 2  ( c. ,c - 1 / 2

h', rn ( (I/4 7r 1-(1o .) /

Current y( /4r _)/(toh )1/2

3)1/2

1.,t ic field (47rfho/a 3 )1/2 (0/h,) 1 / 2

Elh.c tric lot}ential (4r/3C0 /3c )1/2 ( _O/ .,)1/2

Icct r nc C. (lltivity (47r Fo) - l co

,I gy (hc)- -1
in ,rgv liisi ty /'J / (it (1 Tie) --1

I.,,) y/ cc (.c) 1

FIr,.I 1c 1.)(' 1 C

I Ii I c( t; I I(Icc 4 7r Co (1' /It I!

.l '.14 10 1c i i ,l 'i , n(B ) I ( 7r 13 / (v 3 /1, ) 1 / 2  /1 b c ) 1 / 2 '

Nlz~g 'i( i tell.it~y (4t7F /1O/13 (V 3 ) 1 / 2  (I ./,)1 / 2
2 c 1 1

lubE' , I3 ( '  ,'!C i

1/2
C C *it, . ,' (I
\'' ty c . -

I
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\centerline{\headfont MAXWELL'S EQUATIONS}

$$\vbox{\tabskip=Opt \offinterlineskip

\halign to \hsize{\vrule# \tabskip=1.Oem plus2em minusO.Sem&#\hfil\strut&\vrule#

&$\displaystyle#$\hfil&\vrule#&$\displaystyle#$\hfil&\vrule#\tabskip=Opt\cr

\trule \tskc{3}{2pt}

&\hfil Name or Descriptionl\om\hfil SI\hfill\om\hfil Gaussian\hfil&\cr

\tskc{3j{2pt} \trule \tskc{3}{lpt} \trule \tskc{3j{2.5ptj

&Faraday's law I\del\t imes\E=-{ \part ial\B\over\part ial tlI\del\times\E

=-{l\over cl{\partial\B\over\partial tl&\cr \tskc{3j{2ptl \tskc{3}{2ptl

* &Ampere's lawl\del\times{\bf H}={\partial\D\over\partial t}+{\bf J}I\del\times

{\bf Hl~{l\over c}{ \part ial\D\over\part ial t1+{4\pi\over cl{\bf J}&\cr\tskc{3}{4pt1

&Poisson equation I \del\cdot\D=\rhoI\del\cdot\D=4\pi\rho&\cr \tskc{3Y{2ptl

&[Absence of mragnetic \del\cdot\BzOI\del\cdot\B=O&\cr \bs{2ptl

* &\quad monopoles] t\oml\om&\cr \tskc{3}{2ptl \bs{2ptl

&Lorentz force onlq\left(\E+{\bf vl\times\B\right)I q\left(\E+{1\over c}{\bf

* vl\times\B\right)&\cr \bs{2pt} \bs{2pt} \bs{2pt}

&\quad charge $q$I\oml\om&\cr \tskc{3}{2ptj

&Constitutive I \D=\epsilon\EI 'D\epsilon\E&\cr \bsflptj

&quad relations \PF'.mu{\bf H} I B\m~ru{\bf H}&\cr \tskc{3}{2ptl \trule}}$$

\vskip-6pt

In a plasma, $\mu-ni'a,-prox\'>m-f14pi\times 10{ -7}\,{\rm H\,{\rm m}{f-1}$

* (Gaussian units: $\mu\approx 1$). The permittivity satisfies

$\epsilon\approx\epsilon- z 8.8542\times 10{ -121\,{\rm F}\,{\rm mlP{-11$

(Gaussian: $\epsilon \approx 1)$ provided that all charge is regarded as free.

T27sing the drift approximation ${\bf vl-\perp= \E\times\B/B-2$ to calculate

* polarization charge density gives rise to a dielectric constant

* $K\equiv\epsilon/\epsilon- = 0 +36\pi\timesl0-9\rho/B-2\'$ (SI) $=1+4\pi\rho

* c-2/B-2\>$ (Gaussian), where $\rho$ is the mass density.

\indent
The electromagnetic energy in volume $V$ is given by

IT'Seqallgnno<,% k- {1\over 2}\int-J\,dV({\bf Hl\cdot\B+\E\cdot\D)&

rm 5'phf rm G-aussian.}\cr

t 'vr B~ } ~tV',,dV(\hfH}\cdo~t\B+\E\cdot\D)&(\rm Gaussian).

* u' S. Nhf }\ dotd\bf S>'-\1mt-_V\,dV{\hf 3

-re$S$Islhe clc,sod surfi,7e ho-unding 5$ and the Poynting vector (energy,

flux across is given by V{\bf N}=\E\tmmes{\bf H}\>$ (SI) or ${\bf

1 9a

N *~~ N9 *%b 10 V U



MAXWELL'S EQUATIONS

Name or Descriptionl SI Gaussian

N 0B I OB
Faraday's law V x E -- -- V E -

at c at
OD OD 47r

Ampere's law V x H = -+ J V x H = -- + -JOtc at c

Poisson equation V •D p V D = 47rp

[Absence of magnetic V •B 0 V B = 0
Monop oles]

Lorentz force on q(E+ v x B) q E+ -v x B
charge q I

Constitutive D = eE D = .E

relations B = tiH B = p H

li a plasil a. /1 /1(1 47r X 10 -  H 1,1- (Gaussi;a units: /i L 1).

S T'u permittivity satisfies ff = 8.8542 x 10 - 12 Fin- 1 (Gaussian:
, ; 1) l')v i-(lcd th hat a 1 arg is regar(l ed as fr e. U silng t1(' drift

approxination v± = E x B /B 2 t o (:allae l ~olarization charge density
'iVCs rise to, a dielectric conistanit K r/ = 1 + 367r x 10 9 p/B 2 (SI)
S+ -17r/,,' 2/B2  (Gaussiaii). where / is the inass density.

''Flic c.le.y In v('toui' meie' iV vdllii" V is given by

V /- - ,t'(H . B + E . D) (SI)
'2

1 ,1'(11 •1 + E D ) (Gallssi;1n).

. N /.,S - 1,VJ . E.

II c1,'I.'- I. t , L" I V4 I v N - I I * i SI . ,r N ,E x 1/. -'T (G;;uussi;ozu).
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\centerline{\headfont ELECTRICITY AND MAGNETISM}

\medskip \inad e rt
In the following, $\.epsilon= dielectric permittivity, $\mu=$ permeability

of conductor, $\mu-\prim.Te=$ permeability of surrounding medium,

$\sigma=$ conductivity, $f=\omegai'2\pi=$ radiation frequency,

$\kappa-m=mu./\mu-0$ and $\kappa e=\epsilon/\evsilon-9$. Where subscripts are

uised, '1' denotes a conductsng medium and '2' a propagating (lossless

dielectric) medium. All units are S1 unless otherwise specified.

\,msk uac:l i=n{\ V\,hfi ~c-
Permittivity -,f free space Rz $\,epsilon-_ $ &$,-.85~42

t~aeC{-2 ',F$ let~-}',cr \sk

Permeability of free space k, $\rnu-$ & $cp~iel{7\,H\$$- r

I$1.2566\timesl0-{-6}\,$H'$\,$mn$-l}$ \cr \sk

Resistance of free space & $R-0$\hidewidth& $(\mu0O/\epsilon-0)-{l/2}=376.72\, q
* \Omega$ \cr \sk

* Capacity of parallel plates of area & $C$ & $\epsilon A/a$ \cr

\noalign{\quad$A$, separated by distance $d$j \sk .

Capacity of concentric cylinders & $C$ & $2\pi\epsilon 1\ln(b/a)S \cr

\noalign{\quad of length $1$, radii $a,b$} \sk

Capacity of concentric spheres of & $C$ & $4\pi\epsilon ab/(b-a)$ \cr

\noalign{\quad radii $a,b$} \sk

*Self- induictance of .,ire of length & $L$ & $\mu 1$ '\cr

\noalign{\quad $l$, carryinmg uniform current} \sk

Mutuial inductance of parallel wires & $L$ & $(Nru-\prime 1/4 \pi)

\left [1+4\ln(d/a)\right1$ 1.cr

*\noalign{\quad of length $1$, radius $a$, separated}

\no align { \.quaid by distance $d$} \sk

Inductance of circuliar loo-p of radius & $L$ & $b\left\{\mu-\prime\left [\1 __( )

a) -\r~ht~+\ru'4~i~hx}$\,cr

r:, -, 1 r.I w re of radium, SaTl,

cJi 'pnr -,n~ ~ if crm current}I \sk
Reloxat'D~ 1o a K'jr m & $\tau$ &, $\epsil on/\sigma$ \cr \sk

~ u' 1 ~i- a 1""".''' I~'~ elta$ & $(2/\cosega\mu\sigrna)Y{1/2}

f'la," IT' ,p o1 'i

1 c ii ctmn1 r.Fir f a ce

S- ~ ~ '1)10. 21, r 'Ia ($in$ in c \c-,c

a* 1-.: a'if ax fro-M k SR th$

$ rc
'c i - ii -'~ "1fru':a''

v V$S

ft51)

'''%

A el -*



ELECTRICITIY AND MAGNETISM

III the followig. o (dielectric permlfittivity. pi= pernicability of

condu11c tor. W' =~ erinc;Lbl iity of surIround(inig 11 iniii. aT - coInuctivi ty.

f = w )/2wr radiat ion frequency. Km = /at and( t;, =FE. Whlere sub-
scripts are used . -I (1 e110t es a condu ic tinug iiied iii in and 2" a pro)pagat ing

lossless d jelec t 1c ) in ed liiii. All uinits are SI illess o ther C1wise spe ci fied.(

PernittY of irues aC 1 8.8542 x 10- F2 III-'

Peiiribi~ty oft freec spare lit 47r x ~[111
=1.25G6 x 10 H Ini

Jj(.Sist tj1Ce o)f fIrte 1pJ)e J?( (,t//e )1/2 = 376.73Q~

C,1p;CitV ()f itata111l I)LOCs of' area!; C = FA/I

cal);wtYt of* cyltii~((lindters C =27rI Iii b/a)
ttd l(11n!th1 1. rad ii 1/. 1,

C;lakitv of tttiti lipslitrts tof (C = -7rub/(h - (a

r('ulii a. I'

1 a. ' di t i 1. ((IC ara

b. ii11d 44t wf ire. (t' f r;kd o 11 .

Skin' Iillftlii ill t boss liltlll 7 = [2 -p/( ±7fT

Ii~ticiiiiiitti ltt it~ ;t ' - .1.22 x (0-T fi / ) 1
/

2

Fieltd ;it I.stooe friit- sr11 go vwire B, p 1/ 2 rr t usla
(iti~iil tiiitit I iiltjets) 2 1/ r ga uss ri Iln CIII)

info ~ttofis~oits tiS foi2 iJ/2(12 .2 )3/21
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* ~\hoffsetzI.Onrue'n~v e1CocnfoneCDouinvie9..ui

\cenerine{\ i; ''72 ~"~"-BANDS{1O}$} \n-sonterlineskip

\de f',d s{ \. }pe4:o '', i.o>h '\s e tbc(,x 0z hLo x{f\ roO}
\dig itwidth>.;dO \cacv.,AQz \,defY \kern"digIt width}

''HAS BEEN MALE A<' I AD DEFINED TO BE A SPACE EQUAL IN SIZE TO OLEc
% DIGIT, SDOP4 '' "'BR ALL LIN E UP CORRECLY.

\halogn no~hs 4 i &\vrule# 'taskiplem pluslen

&\qquad$$\hfil &'"- "5Bvrulev &#t\hfil &\vrule# &#\hfil &\vrule#

&9\hfi1 &u' Do \trule

\om K-height2p '- 7:'t: -1 n Non 4c, kc M. Ncr

some I t 1 s Itnogae3\Nfil

h Q! Noicid- c 1 ' 1. h 1ewodt h h, dn hcew id th \htfil1
Upper Nhidjewidtlh hideiidth Nhfil Lower

Nhidewidth Nmr' hicmdc-.rcc 1 -. fl'Inncer \hiclewidth & \cr

\rskm{S}{Dpt} Nirule .\1 "t trule Ntska{S}{Dpt}

* 'ULFrlap' i c -' Mm I& Nr \t.tcka{S}{Dpt}
:LF'rlanc U 0 :.''.s c 3Nos Mm & \cr Nsa5{rt

s~.~ r''o - k,, "n9 'r \t k fs f2

m s kt m &c \cr

>7k 1:, mr>>o km &\cr\ta{{D}
* '2 - 1> cc, I '?ts mn & \crNtk{}D}

I tP m- m.c a \cr Ncoka{%}{ 2pc}

21to in & \cr \co-ka{S}{Dpc}

I ?'I'' 27.6 kg \70N'ka{S}{Dpc}

2'7 ka 5 r'

I2 t4 c t k a

1 rt!,r i . 1',t cmq k \cr Ncoka{S}{Djcc}

-cc.- t 7Hz',t lONco 1 us

S~~~~i 70 n .. II4' 'c 70>2o

'cc~~~~~~~, tc-> t r 0c'icct-rrk''f}l'
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ELECTROMAGNETIC FREQUENCY/
WAVELENGTH BANDS 0

Frequency Range Wavelength Range

Designation
'' Lower Upper Lower Upper

ULF* 10 Hz 3 Mm

ELF* 10 Hz 3 kHz 100 km 3 Min

VLF 3 kHz 30 kHz 10 km 100 kill

LF 30 kHz 300 kHz 1 kin 10 kim

MF 300 kHz 3 MHz 100 Inl 1 kill

tIF 3 MHz 30 MHz 10 in 100 in

VH1F 30 MHz 300 MHz 1 in 10 in

UIIF 300 MHz 3 GHz 10 cm 11m

SHFt 3 GHz 30 GHz I cl 10cm11

- S 2.6 3.95 7.6 11.5

G 3.95 5.85 5.1 7.6

J 5.3 8.2 3.7 5.7

11 7.05 10.0 3.0 4.25

X 8.2 12.4 2.4 3.7

M 10. 0 15.0 2.0 3.0

P 12.4 18.0 1.67 2.4

K 18.() 2G.5 1.1 1.67

I3 26.5 40.0 0.75 1.1

It.HlF 30 G Hz 300 GHz 1 1mini 1ci

11i 1ii1ilit (cr 300 Gttiz 3 THIz 100 tin 1 1n11

I ll'iri 3 THz 430 THz 700 1in 100 pi/ni

Vi it bl -130 T Hz 750 THz 400 nin 700 ill

I' It r;Vj(dvi 750 TIz 30 Pttz 10 1111 4001 i1

X Bl;,v 30 Iiz 3 ElIz 100 pIl 10 11111

; Iliwi; l;.v 8 iiZ 10() pin

N\,,A: iil sI) ( ti ,~sru tihe ;115st.i(J (A) iS sm tii metii >s ii50(1 (1 A - 10 - s CIII

*'I'li,' ImmJ iin~~v\ llw%%(cn andI, CllE, F i. var-imIu.sy defitied <.

'1114. .-i i (llIi'',xV',t ) iauni is Itlrtimer MIl,li i ii l Iil)'iUXililtl ly a11s ,hi . 1\
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\centerline{\headfont AC CIRCUITS}
\medskip\indent 4
For a resistance $R$, inductance $L$, and capacitance $C$ in series with a
voltage source $V=V-O\exp~i\omega t)$ (here $i=\sqrt{-1}S), the current is givenL

* by $l=dq/dt$. where $q$ satisfies9
$$ L{{d-2\'q}\overfdt-2}}+R{{dq}\overfdt}}+{q \ovez C1} V$

* Solutions are $q(t)zqs+qt,\;I(t)=ILs+1_t$, where the steady state is
$I-s = i\omega q-s =V/Z$ in terms of the impedance $Z =R + i(\omega L-
1/\omega C)$ and $I-t =dq-t/dt.$ For initial conditions $q(O)\equiv q-0
\bar q0O+q-s$, $\;I(O)\equiv 1-0,$ the transients can be of three types,
depending on $\Delta=R-2-4L/C$:
\medskip\noindent
(a) Cverdamped, $D~a

$$\ecjalign {q-t &= {10+\gamma-+ \bar q-0 \over \g,-ma+-\gamma_-}
\p-\gamma--t) - {10+gam- \bar q-0 \over \gamma_+-\gamma.-

1,exp(-\gamma-+t) , \cr
1-t &= {\gammaj(I..o+\gamma_- \bar q-0) \over \gamma-+-\gamma-}I \exp(-\gamna_
+t)- {\gamma-(I_0 + \gamma-+ \bar q-0) \over \gamma_-\gamma_-}

\exp(-\gamma_-t), \cr}l"$
where $\gamnma-\pm=(R\pm\Delta- 1/2})/2L;$
\medskip\noindent
(b) Critically damped, $\Delta=O$
$$\eqalignfq-t &= \leftEbar q_0 + (1_04\gammaR \bar q..0)t\rightJ
\exp(-\gamma-Rt), \cr

*I..t &= \left[1-0 - (I-0 + \gamma-R \bar q0O)\gamma-Rt\right\exp(-\gamma_3t),
* \cr$$

where $\gamma-R=R/2L;$
\medskip\noindent
(c) Underdamped, $\Delta < 0$
$$\eqalign{q-t &= \left[{\gamma-R \bar q_0 + 10 \over \omega-1} \sin\omega-It +

* \bar q_0 \cos\omega-lt\right]\exp(-\gamma-Rt), \cr

I-_t &= \left[I._\cos\omega_1t - {({\omegal}12+{\gamma-R-2)\bar q-0 +

\gammaR I-0 \over \omega-1} \sin(\omega-it)\rightJ\exp(-\gamma-Rt),\cr}$$
where $\omega-1 \omega0( 1-R-2C/4L) -{l/21$ and $\omegaO(LC){-1/2}\'.$ is
the resonant frequency. At $\omega=\omega-o$, $\;Z=R$. The quality of the

circuit is $Q=\omega-OL/R$. In\-stab\-il\-ity results when $L$, $R$, $C$ are
not all of the same sign.
\vskipO .Struein
\Vfil\eject\erd

p22a



p>

AC CIRCUITS

For a resistance R, inductance L, and capacitance C in series with
a voltage source V = Vo exp(iwt) (here i = V"-), the current is given
by I = dq/dt. where q satisfies

%'

L d 2q dq q
L - + R.- + - =V.

dt 2  dt C

Solutions are q(t) = q, + qt I(t) I, + It, where the steady state is
I., = iwq. = VIZ in terms of the im)edance Z = R? + i(wL - 1/wC) and
It = dqt/dt.. For initial conditions q(O) = qo = qo + q, 1(0) - I0, the
t1r;I1sient.s cal be of three types, depending on A R f. 2  4LIC:

(ai) () 'r1(lalnpe(t. A > 0

10 + y+ q0o I0 + -y- lo
qt - ± ex(-'- t) - exp(--y+t),

,Y+ - -y- ^t+ - Y-

I + ( I + )- (i) ) -y- ( Io + -Y+ Flo )
I, = - xt)( -- (+t)+ exp( --y t).7+ - 7- + - -"

wl,' += (IU ± /A1 2 )/2L:

I)) lClcl dam '( . A = 0 -

,' [q() + (Io + I ,Rqu)t] exp(--yR t).

=[IJu - ( I(, + 7yI~ ,)' t] ,'Xl(-')'Rt).

V +,"t(, + l, +
,1 -= ~ , si -'1 o ,S.lJe i(7 t) CX )-'R)

wh . ' -- ,(1 -- II I/ItL) /2 COil w1  -- (LO)-1/2 i t-h reso-i0t %

%*

I' ,l((,l, y..:\t &' = W.. = B. The lualilty of t h' (irc'lit is (2 = Wo L/I?.
,, lL I.. IR. C arc ) t all (f the salle sig .
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\input prolog

\hoffset=ltruein\voffset=ltruein\hsize=6.5truein\vsize=9truein

\pageno=23I
\centerline{\headfont DIMENSIONLESS NUMBERS OF FLUID MECHANICS${f12}$}
\bsk % BEGINNING OF TABLE.
\vbox{\tabskip=Opt \offinterlisneskip \def\quid{\hskipO.5em\relax}

*\halign to \hsize{\vrule#\tabskip=O.5em plus 2em&\s trut #\hf il&\vrul e#&#

\hf ll&\vrule#&#\hf i1&\vrule#&4\hf il&\vrule#\tabskip=Opt\cr \trule

&\hfil Name(s)[\om\hidewidth Syrbol\hidewidthl\hfil Definitionl\hfil

Significance&\cr \tskc{41{2pt} \trule \tskc{41{1.Optj \trule \tskc{4}{2pt}

&Alf v\'IenIAl , Ka I $V-A/V$ I\kern-O. Sem* (Magnet ic f orce/&\cr

&\om\quid K \'arm''an\hf i I ,(m I om I\quad inert ial f orce) $ -f1/2}$&\cr\tskc{ 4}{2pt}

&Bond IBd I$(\rho -\prim-,-,rho)L-2g/\Sigma$ IGravitational force/&\cr

&\om!\ornl\om1l\quad surface tensionk\cr\tskc{4}{2ptl

* &Boussinezq1B1$V/(2gR) {1/2}$1 (Inertial force/&\cr

&\om1\ornl\om1\quad gravitational force)$-{1/21$&\cr\tskcf4}{2pt}

&BrinkrnanlBrI$\mu V-2/'k\Delta T$lViscous heat/conducted heat&\cr\tskc{4}{2pt}

&CapillarylICpi$\mu V/\Sigma$ Viscous force/surface tension&\cr\tskc{4}{2pt}

&CarnotlICa I$(L.2-TAl)/T-2$ ITheoretical Carnot cycle&\cr

&\oml\oml\oml\quad efficiency&\cr\tskc{4}{2pt}
&Cauchy,lCy, HkI$',rho V-2/\Gamma=\rm M-2$jInertial force/&\cr

&\om\quid Hooke\hfili\om1\om1\quad compressibility force&\cr\tskc{4}2pt1

&Claus ius ICl I $LV3\rho/k\Delta T$lKinetic energy flow rate/heat&\cr

&\omi 'om1\om1\quad conduction rate&\cr\tskc{4}2pt}

* &CojwlinglCl$(V-A/V)-2=\rm Al-2$IMagnetic force/inertial force&\cr\tskc{4}2pt1

&Crispationlcrl$\mu \kappa/\Sigma L$IEffect of diffusion/effect of&\cr

&\oml\orsi\omi'\quad surface tension&\cr\tskc{4}2pt1

&Dean ID I$D{ 3/2}V/\nu(2r) -{1/21$ 1Transverse flow due to&\cr

&\om I\omlI\omlI\qulad curvature/longitudinal flow&\cr\tskc{4}2pt}
& &[Drag I$C-D$ 1$(\~rho -\prime-\rho) Lg/$ IDrag force/inertial force&\cr

&\om\quid coefficientj\hfill\oml\quad$\rho-\prime V-2$1\omk\cr\tskc{4}{2pt}

&Eckert[EI$V-2/cp\Delta T$Kinetic energy/change in&\cr

&\om1\om1\om1\quad thermal energy&\cr\tskc{4}{2pt}

&Ekrn~i(\ru2~O~taL-2)Y{/2=$ (Viscous force/Coriolis force)$-{1/2}$

9t',om I \' ,,I\quiad(P,(/Fe)$-1/2}$1\om&\cr\tskc{4}{2lpt}

PiF':ler[Eul$\D.plta p/' rhn V-2TIPressure drop due to friction/&\cr
t' omIc c .xi ~nimic pr-ssure&\cr\tskc{4}2pt}

* ~ ~~~~~~~~~~~~ ~ uPI''(.1/}{.~nC5mdgIeta orce/gravi tat ional or

'r -n V UL~\oud uoyancy force)$-{1/2}$&\cr\tskc{4}2pt}

* i~j-% -1'1 I$1/'\betnaiDelra TVllnverse of relative change in&\cr

k' to \cmI 1,m I quad volume dur ing heat ing&\cr\tskc{4W{2pt}
t3lf: h f II j $g 1" hta v PelI a T/ \ nu-2$1B uo yan cy f orc e/ v is cous f or cePk\ cr\ t skc{4 T{2Pt

1 1 ~~ HS; '1 :imb! i/ r _:t; G y f re qu enc y/&\ cr

~fii~<hi7 cm \om I\quad coll is ion f requency&\cr\tskc{'}{ 21t}

daV, A f'-r -i - o h nuors- (square) of the quantity shown.

2 3a



DIMENSIONLESS NUMBERS OF FLUID MECHANICS 12

Name(s) Symbol Definition Significance

Alfv6n, Al, Ka VA/V *(Magnetic force/
Krmgn inertial force)" 2

Bond Bd (p' - p)L 2 g/E Gravitational force/
surface tension

Boussinesq B V/(2gR) 1 / 2  (Inertial force/
gravitational force) 1 / 2

Brinkman Br /LV2 /kAT Viscous heat/conducted heat

Capillary Cp itV/ E Viscous force/surface tension

Carnot Ca (72 - T1)/T 2  Theoretical Carnot cycle
efficiency

Cauchy, Cy, Hk pV 2 /r = M 2  Inertial force/
Hooke compressibility force

Clausius Cl LV 3 p/kAT Kinetic energy flow rate/heat
conduction rate

Cowling C (V14 /V) 2 = A12  Magnetic force/inertial force

Crispation Cr ILK/,L Effect of diffusion/effect of
surface tension

Dean D Dal 2 V/v(2r) /2  Transverse flow due to
curvature/longitudinal flow

[Drag CD (p' - p)Lg/ Drag force/inertial force
coefficient] p' V2

Eckert E V 2 /cAT Kinetic energy/change in
thermal energy

Eknian Ek (v/2QL2 ) / 2 = (Viscmis force/Coriolis force)1 / 2

(Ro/Re)1
/ 2

Euler Eu Ap/pV 2  Pressure drop due to friction/
dynamic pressure

Froulde Fr V/(gL) 1 / 2  t(Inertial force/gravitational or
V/NL buoyancy force)" 2

Gay-Lissac Ga 1/13AT Inverse of relative change in
Volume during heating

Cl raLih()f Gr ! L 3 3AT/iv2  Buoyancy force/viscous force

,all CH A/'L C yrofretiuency/
co Iti(ie'lit] j ,olhisioin frcqnuelu cx'

* (t) Also defined as tlie iunverse (s quiare) of he quantity shown.

2 3
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\input prolog \pagenortld % BEGINNING OF TABLE.

\hoffset~ltruein\voffsets=Itrein'\hsize=6.5truei-n\vsizec9truein
\vbox{\tabskipzOpt \offirnterlinepskip \def\quid{\hskipO.5ern\relax}

\halign to \sz{,~lsl a:kpO.c lse&.tu#hi&vue&

\hfil&\vrle&# ft :17 vrue,~ Ll\l# aV I I:pzdpt\cr \trule
&\hfil Nms) m V''r 1  yblhde.it hflDefinntionthfil

Significincet' cc

% DRAW DOUBLE RULE BENEATH HEADINjG.
\tskc{4}{2pt} \trule \tskc{4}{ I.Opt} \trule \tskc{4}{2pt}

&HartrannHlBL/(\mu' eta) {1/21r$Itlagnetic force/&\cr

&\oml\om!\quad (Rn,' cRe: )$V{1/2$1hdidthl \quad dissipative

force&\crtcskc{GY{2p:&\c
&Knudsen1Kn1$\.arnio/L Hydrcdynamctme&c

* &\m!\ml~ol~uad ollxiontimne&\cr\takc{4}{2p:}

*&LorentzILclI$V,'c$tINagnitudI~e trelativistic effects&\cr\tskc{4}{2pt}

&Lundquistl!LulSuLA/ eta=$I

${l\bf J}\txmea{Thbf R.}$force/resistive magnetic&\cr

&\ oml\omt\quad Alts RmI\quad diffusion force &\cr\tskc{4}{2pt}

&MachlIMlI$V/&C-S$ iMogni-tde of compressibility&\cr
&\oml\onl\cml\quad effects&"'cr\tskc{4}{2pt}

&Magnetic;M.'!"7,, A=s AlV{ -I Tl nertial force/magnetic force)$t{1/2}$

\hidewcdth& or
&\om cquid Mach hfi - cr&\cr\tskc{4}{Opt}

* &Mgnetcl~nt>" lL]'velocity/magnetic diffusion&\cr

*&o\m\qui1d Reyno~ils ')i :IIxoml \quad velocity&\cr\tskc{4}{pt}

&Newton I Nt! ItF/\rho Lf 27 I d force/inertial force&\cr\tsk{4}{2O

&NusseltINI$'\alplta 1./Mt T a ta ransfer/thermal&\cr

&P\'ecletlIPe ($LV/\\kapat IHeat convect ion/heat conduct ion\hidewadth&\cr\tskc 4}{Opt}

&PoisseuillelPol$V-2\Deta p "LVV~Pressure force/viscous force&\cr\tskc{4}{Cp:}

-&Prandtl,1Pr, Sc$n/kpaHr<tmdiffuisnon/&\cr

&\om\quid chdhfn'croqudheat diffusion&\cr\tskc{4}{2pt}

&Rayleigh I Ba 1 gAbta.rt 7/' nu\ kappa$ I Buoya'.cy force/diffusion forcethor

* ~&ReynoldslkelV/ uil>rtKtc rce/viscous trce&'Ccr\tskc{4}{pt}!
* ~ ~ ~ ~ ~ ~ ~ 2 IRcad~n~~(I/.t '' i "Inyancy effecto /& \or

& \o ImI ml qi, 1:d -i W-a r e f f c t2k,c cn\c kc{f4}{-O2p t}

11 tRas o j -.1 I Rc r ' 1 $t r, lnrt ialI f,-,r c /Co nr ioIi s f rr cegcr \t s kcflHp

&cStantn I StlIt alpha fi -p V$IThermal conduct Ion loss/&\cr

t~teanlf~t uiheat/cond'.o:t~d heatt\cr\tsc4Y{Dpt}

&2to~cI~t'': V ' ''toprateZQ or

f I1 c II tr-'-,v or csk4{}{1nt
'I 1 f , g v 1r7 ' 2 f i t fkc{4}{2 C}

1.1 '1 fh*.

.0-e



"ailiie(5 ) Symol Definiition1 Significance

Hartmxann H BL/( iq) 1/2 - Magnetic force/

(RnI Re( C) 1/2 dlissip~ative force

Knudsen Kit A / L Hydrodlynamic tixule/
collisioni ti ie

Lorenitz Lo 1//c Magnitude of relativistic effects

Lmxidq iiist Ill -o L V4/ q J x Dforce/resistive niagnetic
Al Ril diffusion force

NMacli M/ V/Cs Magnitiule of comxpressibility
effects

Magnetic Mill 1 V./4 = A]-' (Inertial foc/antic force!)1/2

*Magnletic 1311 pi I( L V/q Flowv veloci ty/ mlagnetic (Iifflsioli
B eyiil(s Velocity

Newton N t. F/pL L2 V2 Imp1osed1 force/inertial force

N tissel t N (vLI k Total heat transfer/thermial
('On Itic ti oh

* I~clct Pc L V/ K, Heat convection/hecat cond~uctioni

*Po'isseltille Po D2 Ap/jt LV Pressuire force/isous force

*P raix (it I. P r. Sc v' / K, Momlentuml dliffulsioni/
Schm1 idt heat diffusion

* B;v~i1 a HJj /I A T/v K. Buoyancy force/diffitsion force

- hc1144(ils Rec LV1/v Inertial force/viscous force

a' I ichtdm p1 41(1 i (NilAV) Buoyanicy effects-
vertical shecar effects

usi yI? o V/2Q2L sin A Inertial force/Coriolis force

>1 (lt41t. 0' ~V ThermlL (011(11C61 ti oIiOSS/
hecat cap~acity

St Iai~Sf o LT 3 /k Radiated lieat./coiiduicted hecat.
> IL4s 1i /L 2 fViscous d1amni ig raLte /

vilbrati~l flre(jilehCly

- St U4Iil St. f L/V Vibr'atioin sIee(l/flow vvlocitv

1,; 1Y ~I a( 212L 2 /v)2  Centrifugahl fire-c/viscous force

I?1/2 (A ?I? y'2 ( Ccxtrifligl Iorec/
viscouls oce1/2

* 'lIiriig. 1. b p') V/ c aT Coinvective l1it. traiislort/

p lieital foi esIfilet1i11

a'

%V ~ - - - -



\input prolog

\hof fset=It rue in\'voff Set- ti -,in hsize=6 .5t rue in'.vsize=9t rue in

\pagenor25

{\headfont Nomencllarure:}
I'm sk \def \Cr{\cr \.-Ioj I gni 'vskip 2.-Spt)}

%4 \Cr HAS BEEN DEFINED '1O LEAVE AN EXTRA SPACE AFTER EACH ALIGNED LINE.

\halign{#\hfll&\qquad'\hfil\cr

$B$&Magnetic induction\Cr

$C-s,c$&Speeds of sound, light\Cr

$c-p$&Specific heat at constant pressure (units $\rm m-2\ts s-{-2}\ts

K{ -11$)\Cr

$D=2R$&Pipe diamneter'\Cr

$F$&Imposed force\Cr

$f$&Vibration frequency\Cr

$g$&Gravitztional acceleration\Cr

$H, L$&Veit)ical, horizontal length scales\Cr

*$k=\rho c-p \k-appa$&Therrnal conductivity (units $\rrn kg\ts mn-1}l\ts s-{-2}$)\Cr

* $N=(g/H)Y{1/2}$&Brunt--V'\ais\'al\'a frequency\Cr

* $R$&Radius of pipe or channel\Cr A

$r$&Radius of curvature of pipe or channel\Cr

$r-L$&Larmor radius\Cr

$T$&Terrperature'\Cr

$V$&'Cha-acteristic flow velocity'ICr

d$V_ A=B/(\muO\rho,)- {/2}$9Alfv\,'en speed\cr

$\alpha$&Newton's-law heat coefficient, $\displaystyle k{\part T \over

* \part x}=\alpha\Delta T$\Cr

* $\beta$&Volumetric expansion coefficient, $dV/V =\beta dT$\Cr

$\Gamina$&Bulk modulus (units $\rrn kg\ts m-l}1\ts s{ -2}$)\Cr

$\Delta R, \Delta V, \Delta p, \Delta T$&Imposed difference in two radii,

velocities, \cr

A &pressures, or temperatures\Cr

$\epsilon$&Surface emiss avity\Cr

$\eta$&Electrical resistivity\Cr

$\kappa$&Thermal diffusivity (units $\rm m-2\ts s-{-11S)\Cr

$','"ambhda$&'Lat tu,!e of point on earth's surface\Cr

$\lamhda$?kColis1Dnal neon free path\Cr

* $\'Ctterrnab: tyf free npace'\Cr

$tnuttKinernatic viscr.svcy (units $\rm m-2\ts <-I}1$)\Cr

pl,-r o'mn-n *t)ject\YCr

f_



Nomenclature:

*B Magnietic iniductioii

c' Speeds of sounid, light2

*C, Specific heat at coiistanit pressuire (uniits rni s- 2 K-1)

D -2B Pipe diamieter a

F Iiiiposed force

f Vibrationi frequiency

* qGravitationial accelerationi

11I. L Vertical, horizonital lenigth scales

k , pH Therinal coihciiy(units kglin 1 2)

N -( J /H) 1/2 Brunt Viiisiiii frequiency

1? P aditis of pipe or channiel

* rRadiuis of ciirvatture of pipe or channiel

Larinior radliiis

T Temnperature

VCharacteristic flow velocity

V4=B/(jiu pt)1 /2  Alfv(,ii speed1
O9T

(kNewton's-law heat coefficienit. k - = aAT

I Voliiietric expaiisiOl c"oefficient. dV/V - /3dT

F I Bulk mloduluis (uniits kg ii1 I s-

ARI. A V. AJ). AT Iiiilposedl (iffereilce iii two radhii, velocities.
l)riessiir('s, or teiiiperat iiresC

* Suirface eilissiVity

I/ Electrical resistivity

1; Therinal (iffiisivity ( i1iiit..; 11n 2 s- I

.% Latituide of point on varth's surface

1\ Collisionial iiiwaii free path

p jillBulk viscosity

pPen nleabili ty of free spc

K'I\inem iatic viscosi ty ( inits 111 2S-)

p N'IMass denxisi ty of filuid mled in in

p / ~~~M ass d ensity of bhix 1))1. (Ii drpe t. .or iiiovinig olbjec t,

N' Six rfacc teix iioi ( iinits kgs 2)

rTStefani Boltiimii ()zistaiiit

Solid-body rotatioial ;ingtilar velocit~y

2 5
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\input prolog

\hoffset=1.25truein\voffset=1.Otruein\hsize=6.Otruein\vsize=9.Otruein
\pageno=26

{\defhups{\upsilon} \def\NQ{\medskip\N\quad} \def\PH{$\phantom{1}$}

*, \def\sq{-{\phantom{1}2}} \def\medskip{\vskip4.0pt}

* %. \PH SKIPS THE SPACE OF THE DIGIT '1' SO THAT EQUATIONS NUMBERS LINE UP.

\medskip HAS BEEN REDEFINED TO ADJUST THE SPACING OF THE TABLE.
*' *. \NQ SKIPS SPACE DOWN AND INDENTS ONE \quad TO ALIGN EQUATIONS.

,centerline{\headfont SHOCKS} \bsk\indent

At a shock front propagating in a magnetized fluid at an angle $\theta$ with

respect to the magnetic induction {\bf B}, the jump conditions are $-{13, 14}$

S\NQ'\PH(') $\rho U = '\ov{\rho}\ov{U} \equiv q$;

\NQ\PH(2) $',rho U-2+p+B \perp\sq/2\mu=\ov{\rho}\ov{U}-2+
'4'ov{p}*\ov{B} \perpxsq/2\mu$; I'

\N,'\PH(3) $\rho UV - Bkparallel B-\perp/\mu

\,ov{\rho}\ov{U}",ov{V} - \ov{B}_\parallel \ov{B}_perp/\mu$;
. \ '.PH(41 $B_\parallel = \ov{B}_parallel$;

\' "NQ\,PH(5) $IE _'\perp - VB _ \parallel = \ov{U}\ov{B}_perp-
. " \,ov{V}\ov{P} ,parallelS;

\N'\PH(6) ${l\ave 2}(U-2+V-2)+4+(UB-kperp\sq-VB kparallel B-kperp)/\mu\rho U$

*\,Mailskip

\q[uadf uad\qi\,qqua l-{1\over2}(\v{U}-2+\ov{V} 2)+\v{w}+(\ov{U}\ov{B-perpsq

-'\ov{V}iov{_\parallel\ov{B}_\perp)/muov\rho\ov{U}$.
,. \medskiphN

Here $U$ and $V$ are components of the fluid velocity normal and tangential to

. the front in the shock frame; $\rho = 1/\ups$ is the mass density; $p$ is the

* pressure; $B_\perp = B \sin \theta$, $B.kparallel = B \cos \theta$; $\mu$ is the

magnetic permeability ($\mu = 4 \pi$ in cgs units); and the specific enthalpy is

$w = e + p\ups$, where the specific internal energy $e$ satisfies $de = Tds

- pd\ups$ in terms of the temperature $T$ and the specific entropy $s$.

Quantities in the region behind (downstream from) the front are distinguished by

a bar. If ${\bf B} = 0$, then$-{15}$

-. \NQ\PH(7) $U - \ov{U} = \left[(\ov{p} - p)(\ups - \ov{\ups})\right]{i/2}$;

\Nq\PH(8) $(\ov{p} - p)(\ups - \ov{\ups}){-1}= q-2$;

* \N \PH(9) $\ov{w} - w r {1\over2}(\ov{p} - p)(\ups + \ov{\ups})$;

"- \NQ(10) $\ov{e} - e {1\over2}(\ov{p} + p)(\ups - \ov{\ups})$.

. \medskip\N

In what follows we assume that the fluid is a perfect gas with adiabatic index

$,gamma = I + 2/n$, where $n$ is the number of degrees of freedom. Then $p

\rho RT/m$, where $R$ is the universal gas constant and $m$ is the molar weight;

the sound speed is given by ${Cs}-2 = (\partial p/\partial\rho)_s = \gamma

p\ups$; and $w : \gamma e = \\gamma p \ups/(\gamma + i)$. For a general oblique

shock in a perfect gas the quantity $X = r'{-i}(U/VA)-2$ satisfies$-{14}$

\NQ(1) $(X - \beta/\alpha)(X - \cos-2\theta)'2 =

X\51n'2\theta'\ieft\{\left[I + (r-1)/2\alpha\right]X - \cos-2\theta\right\}$,

where $r:Nov{\rho}, rh$, $',alpha{h1\over2}\left [\gamma+1-(\gamma-1)r\right]$,

and $\beta:{CsP2/{_A}2s4\plkgamma p/B-2$.

\nedsklp'\N
The density ratio is hounded by
\NQ(12) $1 < r < (,.gamno+:)/('amma-1)$. \redlkip\N

If the shock is n.maI to {\bf BI (i.e., if $\theta \pi/2)$, then
\UQ(13) $TP2zz(r.alpha)\left

* ~\{{cs}-2{wA>}2' eft1+(1-kgamma/2)(r-1)krightJkrght\}$;}

\vfil\eject\end

0%,%
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4;v

SHOCKS

At a shock front propagating in a magnetized fluid at an angle 0
a with respect to the magnetic induction B, the jump conditions are 13,14

(1) pU = j C= q:V.

(2)l)U2 +p + B= 2 /2/t C3U2 + p + f32/2

(3) pUV - BIIB3±/, = pUV - BI B±/,,;

," ( 4) BJ3 = 11
(-0 B - I3 11  Bw - VBI1 :

1 '
C,} r.- +T2 " + 2 ) + (UB - VB B pp/U

({-2 + f,-2:) + , + (u3 2 13)B,1, flU.
IIcr, U a;1l V alt' 'om, l) l,(, it.S of the f li( VC()lcity or1 ial and t;nge iiti l
to hIh' t'n it, iii th.he shoc,(:k frame: p = 1/, is the Iliass density: p is the
Sprt

' sslre: B - 3 si H. B-- (= Dcs: /I is the magnetic perneability
(p = 47r ini ('gs units): and the specific enthalpy is 'i = r + p1,. where
tIl .sipecific internal ,inergy c satisfies dc = Tds - pd'v in terms of the
t'lperaturi'e T and thIe specific ent.ro)y s. Quantities in the regio n belind
(1 wwstream from) the front are distinguished by a bar. If B = 0. then 1 t

(7) UT - = [( - ,)( -

(S) (q ( - ') -1 = 1 -

5--O) ,a - , = -p- p)( , +' -4- ,):

IM) + 10il~l/ , -- , i -,4-1,}(N ' - ).

It %. itI t It tlo ,s t' ,tssilt' th ,t the ftiil is ; l erfe('t gas with aL(iaba tic"
itlt.x ' 1 + 2/1). dlierc ' is the iluuiller of degrees of freledmil. Theii
Ip =~ T Iin7/. where I' is tle 11niversal gas costt.t and m, is the itt lar
w,.i.lIt: thi' s,,lmd sp,,'., is givc'il by C'.2 = ( p/0p,. = '/': ald i t! =

+ I [ r a g ,eneral olhlique shock iil / 1;('it''( t gas theX)2 14
( 1 u;lttjtV A'" ;1 U-(l/\'.l satisfie.s4

,lI {." ./,, ( *\" H',s )'- X K . -

S12 1 + -K ; 4r 11 / -, - 1).

If t' sl ttk is ilolimal to B (i.'.. if' N -H /2). then

i:1~ ,'2 fr/u) ..2 + A [1 + (1 -+/2)(, -

26
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\input prolog

\hoffset=1.25truein\voffset~l.otrueln\hsize=6.Otruein\vsize~9.Otruein%

\pageno=27

{\def\ups{\upsilon} \def\NQ{\medskip\N\quadl

\def\sq{-{\ph{1121 \def\medskip{\vskip4.Opt1

4 'I.\PH SKIPS THE SPACE OF THE DIGIT '1', SO THAT EQUATION NUMBERS LINE UP.

7\medskip HAS BEEN REDEFINED, TO ADJUST THE SPACING OF THE TABLE.

%. \NQ SKIPS SPACE DOW4N AND INDENTS ONE \quad, TO ALIGN EQUATIONS.

\NQ(14) $U/\ov{U' = \ov{B}/B =r$;

\NQ(15) $\ov{V} = V$;-2+(- -)2/\u mesiN* ~\NQ(16) $\ov~pj p + (0 - r-{-1})\rho U2+(1-rB2/\u. mekiN

If $\theta =0$, there are two possibilities: switch-on shocks, which require

$\beta < 1$ and for which

* \NQ(17) $U-2 = r{VAY2$;

* \NQ(18) $\ov{UJ {VA}Y2U$;
\NQ(19) $\ov{B}.Aperp\sq=2B-parallel\sq(r-1)(\alpha-\beta)$;

/\NQ(20) $\ov{V} \ov{U}\ov{B2-\perp/B-\parallel$;

* ~\NQ(21) $\ov~p} p + \rho U-20l - \alpha + \beta)(1 -r{}),\medskip\N

and acoustic (hydrodynamic) shocks, for which

\NQ(22) $U-2 =(r/\alpha){Csj-2$;

* \NQ(23) $\ov{U} z, U/r$;

\NQ(24) $\ov{V} = \ov{B}..\perp 0 $;

\NQ(25) $\ov~p} p + \rho U-2(1 - r{}).\medskip\N

For acoustic shocks the specific volume and pressure are related by

\NQ(26)

$\ov{\ups}/\ups=\left[(\gamma+i)p+

(\gamma-1)\ov~p}\right]/\left[(\gamma-l)p+(\gamma+l)\ovfpl\rightj$.

\med ski p\ N

In terms of the upstream Mach number $1- I-$

\NQ(27) $\ov{\rho}/\rhor=\ups/\ov{\upsj=

U/Nov{U}=(\gamma+1)W-2/[(\gamma-l)M-2+2$;

\NQ(230) $\ovfp}/p=(2\gammai !4-2-\gamma+l)/(\gamma+l)$;

* \NQ(29) $\ov{T}/T=r(\gamma-I)1f-2+2J (2\gamma M-2-\gamma+l)/ (\gamma+) -2M-2$;
\NQ(30) $\ov{ M}-2= [(\gamma- )M'2-2]/ 2\gamma ?.F2-\gamma+1]$. \medskip\N

* The entropy change across the shock is

* \TQ(31) $\Delta s\equiv\ov~s}-szc-\ups\ln[(\ovp/p)(\rho/\ov{\rho})-\gammal$,

\medskip\N

where $c_\ups=R/(\gamma-1)m$ is the specific heat at constant volume; here $R$

is the gas constant. In the weak-shock limit ($M\rightarrowl$),

\11Q(32) $\displaystyle \Delta s\rightarrow

\medskip\ 7

r.The racilius at time $t$ of a strong spherical blast wave resulting from the
explsi';e release of enfrav $E$ in a medium with uniform density $\rho$ is

\,NQ(23) IP. S = C _0(Et-2/'rho, {1/E5}$,

r 'me-dskip\!;
where $C-_0.1 is a c -tat pndlng on $\gamma$. For $\gamma=7/5$, $C_0=1.033$.1

A-A



(14) U/=B BIB=.

(15) V = ;

(16) 1= p+ (1 - r-)pU 2 + (1 - , 2 )B 2 /2/t.

If 0 = 0, there arc two possibilities: switch-on shocks, which require
/3 < 1 and for which

(17) U 2 = ,.V.42

(18) U = V14
2 /U:

19) f-2 B -,,
(19)L- = 2B 1

2 (r - i)( - f3);

(20) f" = UBL/BIl:

(21) p 1) + pU 2 (1 - 3/)(1 -

and acoustic (hydrodynamic) shocks, for which

(22) U2 -

(23) U r:

(21) =:

(25) + - - pU(1 -

" a ,'mistic sho(ks the specific voluie and pressure are related by

2G) r/, +(-- 1)1, ± ('y - 1)p] / 1(-y - 1)p + (-y + 1)+].

In tI ruis of the uJ)streinl Mach number M = U/C.
(27) [I/p =v/vq U/U = (-Y + 1)M 2 /[(y - 1) A12 -2]:

(2S) -/p (2",I -y -y ± 1)/(-' + 1):

(2) T/T [(_- 1)- 2 + 2]( - A 2 _ y + 1)/(y + 1) 2 M 2 :

i:u(, . -f = [(- - 1)A1 2 + 2]/[2-y 2 - y + 1].

TIh' litrO)Iy clnl ",ge across the shock is
(21) A.s --. - . r=,, lu[(p /p)i/py)j.

wv'ltr, , ,. / I(y - 1) I. is the Speccific ieat at constant vol iime: liere 1t
i tl, , 'ttist.aii. In the weak-shock limit (Al -- 1).

3;2) A .s -- ).. A - - 1 1 - )3.
3(-7 -J- 1) 3(7 +Jr 1)uo.

*I'll, ;,li,. ,t time. t of a strong spherical blast wave r'sIt.iig from the
,xlhl,.siv re,lease ,f o llrgy E in a mediuni with uniformi dlensity p is

) Ct - Et/

wller, (' is a comisl;it dple'nling o, n For -y 7/5. c, 1.033.
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seater' e h.a -nt F"''A# 7'V.TAL PLAS!fA PARAMfETERS

All f,''itl Z are .au S-an cgs units except temperature ($T$, $T e$ T T
Xcre i n and s,, ,ass ($muit) expressed in units of the proton '--we

21 $ s cha e state; $\,k$ is Boltzmann's constant; V ,' s,
i":- ,'m-7-as 1s the adiabatic index; $\,\ln\Lambda$ is the Co'"!-.:-'

-cii-n Frequ.nci

. k 'ea : :' Freu e ies \smallskip
:. I'" 7t:ca.sn vKL .sksp2,.En}}

7C TS P SPACE AFTER EACH LINE.
-f cad$$', hfsl\cr

-" : ')'e f e -' :<7)' se}:; woeja_ ce/2\pi=2.8o\timeslOeB\,\mH' -R

7_ 7' tmesl7B\,\rm rad/sec\CR
" ." i :': Zcsc,21 'ps=iI .,52\timesOZ\mu-1- }P 'r.

-S ;sl-SZ',mu-{-1}B\,\rm rad/sec\CR

-------------------------------------------------------{n e}p{!.,' ',,,rF}' "R

r' - 1 ,2.m rad,,'s c', R

"2 3...).'/2} CRt-- .... Th. . . "- : 1 P- 2 ''"-u2{n1/2}{ n { 21}2r\ \rm Hz' C e
__7 nI z '}2 e p' "' e /2}\CR

a e t s' 0 3 7', 7{u{1/2}n_- r{1}\m rad/sec',

''i2ran:}r\ zCteR E2}\CR

& { ' ... a e {6 10 -SF ,'2}E 1/2}\ rm sec-}\ c-., t ap,, iT ra te ::_ '- T -E,/m_ -1 ; / } C

,n e -. '. '-1 ena..da-tT_ e}{-3/2}\,\rm sec{-1}\CR

i-,n co! si : rat,
'

I }n_ 2',In',Lambda{T i}{-/2}\,\rm sec {- I \C

s I a i -'-5' }-

..... a~_ ar'" -' -hbar'(m _ekT _ e)-{l/}-zS 76\tsmeslO( -Si-

-~~~~~ '- .-8a - 'a

*cias al d~tan'e c~fe /k 44r:llO{-7}T{-1}\rm cm\cr

quiad minim'"' apj'r, a',K
.- ]Ci( C u :=:r-:~.% 

_ -
'
. { T

-
}  

,"'a-c' 4
e}-2.38'T -e ' /0i}w{-1}\,\,rm or'. 7

son p','9 , sri-b- - ., -, A 1 :, n "< } '

, , 1''r '

k270 
! i'a,> b "} - ,' t ,-" "{ }-{- 2 ,rr' c- Th'r m r;'

" . . .. . . . . . . . . . . .. . " "-". " --i % - -" ." - " -' - - " " " .' " " " ." - .-." .-- , --, - - -..'- . . ..v -. v - . .- v - .--. . -



FUNDAMENTrAL PLASMA PARAMETrERS

A-ll quantities are ill (, .lssliau c"IS 11ints, (fXffpt tell11i.ratulre (TI. T,.

Ti ) cX presse I ill e Vand i on mlass (in 1) ex p IfS, (I11 iilt s of th le pro toni
Pss = Mi Z n, is charge state0: I. Is Bul)t/IllalljjliS (uiStaLlit: K'is

waV;LuIliitli: - sthe adiabatiC i 1dex: li .- i 2iljibljrtIin

* Frequencies
(1-tnI Mullcl hvfi((iltllcy f.C. /2 7- 2.>-ct( x 1J'13 l1 z

cc., 'B//Ii, I X.7 x )7 103r se

lul glnr((~lllV f.,- ~i2~ -T i.J2 x I WZ 1  -B fly,

c B,. i13/ini c 9. 5S x 10' Zn - B3 ra/SeCC

(,if.t~oll Jplasilfa fre(1 lellcy fj O., /2 8 .98 I( 3X 11, 1/

5._ x 01 t 1/2 ndse

2.10 x 10o' 2Z11-112,,, /2 rad/se

f1.fVI~ lul tl )il(it'- 4, ( iBi, 2/1/12 ) /

- .-. ,.S,1/,- /2 -

luhi~~~~ Il -1 j~ : * -( A~ H /2 1- /

(, , j isll rate ,i, -'; r 2. 91 x It 'i li Al' T , ' sc

I flsifl at vi, 1. TS x I ,,Z 2  
1iii \T, -3/2 sec_-

L lg t hs
k 7 2 7 6 : i('11

(I t;l t~~f~ I ei~ I/ c~ c2 on f~ 2. /k7 cm

x 1( c
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\input prolog

\hoffset=ltruein\hoffsetltruein\vsize=6 .Struein\vsize=9truein

A ~\pageno=29
{\headfont Velocities}

\smallskip{\def\CR{\cr\noalign{\vskip2. Sptl}

% \CR SKIPS A SPACE AFTER EACH LINE.

- \halign{\quad#\hfil&\qquad$u$\hfil\cr

electron thermal velocitykv-ATel=(kT-e/rn-e)-{1/2}\CR

&\ph~v{ Te}}4.19\tineslO7T.e>{1/2}\,\rm cm/sec\CR

ion thermal velocity&v-ATil=(kT-i/m-n Y{1/2}\CR

*&\ph~v-{Ti}>=9.79\tirseslO-5\mu{ -1/2}{T-i>{1/2\,\rn cm/sec'>CR
ion sound v.elocity&C-s= (\gamnma ZkT-e/m-iY{1/2}\CR

*&\ph{C-s}=9. 79\times 10O%(\gamma ZT-e/\mu)>{1/2}\,\rm crn/sec\CR

Alfv\'en velocitykv-A=/(4\pi n-im-iY{ 1/2}\CR

&\phvA>.1Stime1O{1}'vK{-/2}ni}{-1/}E\'~r cm'sec\CR

\noalign{\headfont Diriens ioriess}

\sk

(electron/proton mass rat io)$ {1/2}$k(rne/m-p p>1/2}r2 -33t imes 1 -- 2=I ..2,.

number of particles in&7Wi/3)n{\.lamrbdaD>-3

d l.72\times1O-9T-{3/2}n-{-1/2}\or
\quad Debye sphere\CR

Alfv\'en velocity/speed of light&v-A/c=7.2\mu{ -1/2}{n-j}{-1/2}B\CR

- electron plasma/gyrofrequency&

\oregajpe}/\omega.{ce=3 . 21\timeslC{ -3}{n-e>{1/2}B{-1}l\r

- \quad ratio\CR

ion plasmra/gyrofrequency ratio&

\omega- pi}/\omega-jci>0. 137\mu-{1/2}{n-1}{1/2}B-{-1}\CR

thermal/magnetic energy ratio&\beta=8\pi nkT/B-2=4.O3\timesIO-11}lnTB- -

* magnetic/ion rest energy ratio&B-2/8\pi n-im-_ic-2=26.S\mu{f-1}{n-i>{-1 .2

\sk

* ~\noalign{\headfont Moelnos

\sk

* ~Bohm diffusion ooD~cT1e)C
* &\ph{D-B}=6.2S\timeslO-6TB-I}1\ ,\rm cm-2/sec\CR

transverse Sp~tzer resistivity

\t\p\eta _ \perpR

* 1 ~tiies 0 {2}Z n~Ls hd {-'2},, Ompga\rm\ cm\CP.}}

* \smallskip\noindent

The anomalous col1170rate clue,. tco low-frequency ion-sound turbulence :

* \widetildr- -VkT, , -rn

where -~ie le. s the- total energy Of waves wih$oeaK< v- _ {T'
* \srnallskip\,no indent

- Magnetic pressure is given by

S$P{ \rm mag>2B2/8p 3.S~ceI6~\{ dynes'cm-2=3.93(B/B-i) 2' i7-

atm,$

smal ok 1 p'..rr deut
Detonation energy of 1 kil-tnn of high explosive is

- {\ rm kT} = !C"{2} ,r or 1 l4. 2\ t 2 r, sl119}\erg$

29a
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vY'vr'*~~~~YT-J-'r*.y---i~~~~-'w'A WV'*1 'k-7 %-rJRb IL M I. -----------~* ~ ii2 ~UZ~W U~~ ''IL

Velocities
'4 elec-tron thermal veloc ity T=( kTl-/m, ) 1/2

=4.19 x 1O,'T( 1/2 C/e

ion thermal velocity 'IT i=( kTi /rll; ) 1/2

loll Sound1( velm-ity C= (-yZkT, /m, )1/2

= 9.79 x 105('yZT,.//L)1/2 c11,/Se(.

V .: 1 / / 2 B / C

im1llll)(r of p~artic:les inl (47r /3)'n, \D 3  1.72 x 10 9 T3 1  /
Dcbye spliel'e

Alfv<1l velocity/speed oflgt 7.4/C= 7.28iL-1/2ni - 1 / 2 B

F.Ci't r' I)IipaSiia/gy rofr-eqmemcy W), 1w,-, - 3.21 n,1 m B-1
I; lo

Urn plsiii /gyrofreqiiexic1(,y ratio w1-J ~lL) = 0. 137/t /n i B~

t1liiiml/liiagne(tic eniergy ratio 13= 87rnakT/ B 2 = 4.03 x 10-11 'TB- 2

iiiiiit ic/loll rest energy ratio B 2 /87rn mi '1tiC 26.51L- 1mi -1 B 2

M iscellaneous
H')11111 (ifflIioll (ucfl(:jelt D 1 3 =(cL:T/lGcB)

r.25 1) rTB- 1 C1,1 2 /seC

r~i~reSpitzer resistivity q1 7 1.15 X 10-1 4 Z In AT -3/2Se-

=1.03 x 10Zin AT 3 1  ,2 Cm

'I lic ;i ijontial()l cS(ollisi on rate (1lite to lo~w-fireqim eiicy iou-sound( t iirbuime

U)~ W 1, VV/kT = 5.64 x i04 u, 1/U'~ Sc.

%iji ii 117 is tihe total energy of waves with wl/K K ')Ti.

>1 ;1lictjcessur is given by

P11:19 B /87r 3.98 x 10G B dymmes/cim 3.93( B/B 0 ) atm.
rhec 1h = 10 kG 1IT. I

* I~),ton;iti1(11 ('llergy of* 1 kili(toi of high explosive is

lWkT 112 Ca~l =- 4.2 x 101 erg.
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\input prolog

\hoffset=1.25truein
1\voffset=1.Otruein

\hsize=6.Otruein

vsize=9.Otrueja

* :ageno=3O

centerline{\headfont PLASMA DISPERSION FUHCTION}

' igskip\N Definiti on$-{16}$ (iirst foim valid only for Im$\,\zeta>O$):

-Z(\zeta)=\pi--1/2\int{-inty +\infty}{dt\ ,\exp\left(-t2\rgh)'\Dver-

rsghet) .$$~ ef(\ea2rih)it -ify-izead\\xpl-t-

\N Physically, $\zeta=x+iy$ is the ratio of wave phase velocity to thermal

velocity.

medsip\NDifferential equation:

$${dZ\over d\zeta}=-2\left(1+\zeta Z\right),\>Z(O)=i\pi7{1/2};\quad~d-2Z\over d

\zeta21+2\zeta~dZ\over d\zetal+2Z=D.$$

\J! Real argument ($y=O$):

\.right).$

*'\N Imaginary argument ($x0o$):

*$$Z(iy)=i\pi{ 1/2}\exp\left(y-2\right)\left[l-{\rm erf)(y)\right] .$$
* \N Power series (small argument):

$$(zt)ip-12\x~et-zt-\rgt-\ealf~-\ea234,ea

4,/15-8\zeta-6/1OS+\cdots\right) .$$

\N Asymptotic series, $\mid\zeta\mid\ggl$ (Ref. 17):

* 2 +3/4\zeta-4+15/8\zeta-6+\cdots\right) ,$$
*,,;here

$$\sigm=\left\{\ ,\vceniter{\halign{$#\; $&\hf il$#t$\hf il&\hf il$\; \$\hf il -i5tt

\hf il\cr

0\ ;&y&>&\mid x\mid-{-1}\cr

1\;&\mid y'\mid&<&\m'-d x\mid-l}1\cr

2\;&y&<&-\mid x\mid{ -1}\cr}}\right.$
*N Symmetry properties (the asterisk denotes complex conjugation):

* i-Z(\zeta\hbox{*})=\left [Z(\zeta)\righit]\hbox{*}+2i\pi{ 1/2}\exp[-(\zetI

bhox{*1)-2]\quad(y>O).$$

', Two-pole approximations$-{ 18}$ (good for $\zeta$ in upper half plane except

'4":.en $y<\pi{ 1/2}x-2\exp(-x-2),\;x\ggl$):

It\ eqal ign{Z (\zeta) &\approx{D. 50+0. 81i\over a-\zeta}-{O.SO-D.81i\over a\hbox{*}+

Z'(\zeta)&\approx{O.5O+0.96i\over(b-\zeta)'2}+{O.SO-0.96i\over(b\hbox{*} \setcK1'

2} ,\;\;b=0.48-0.91i.\cr1$$

30a
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PLASMA DISPERSION FUNCTION
V.

Defiiitionl 1 (first forim valid only for In ( > 0):

Z( .- 1 + -t ) X (2)()

Physically, (=x + iy is the ratio of wave pase velocity to thermal
velocity.

Differential equation:

dZ 2(1+(Z). Z(O)=2ir1/ -  d 2 Z dZ
-2 (1+-(Z). +2(-- +2Z=O.

d( d( 2

Beal arglinieit (y = 0):

Z(X) = CpXI) (i2 (7r 1/2 -2 f(t CXI) (t2))

I ilagiiia..ry arguimient (x -- 0):z(,Y)/ WI/2"eXl (2)1
1/ (p) [I - erf(y)].

I \(, 1 series (siliall arguii ni t):

Z) i~. 1/2 ('Xl (_(2 - 2( (1 - 2 (2 /3 + 4('/15 _ 8(G /105 +

.s..Iiptotic series. ] >> 1 (Ref. 17):
/2(2) - (- (1i + 1/22 + 3/4(4 + 15/8(6 +'')

(0 'y > Ixl -
, . - o = t 1 I l l -

2 <-y< 1-

symmetry Ct ro()crties (t he asterisk denotes comIplex coi.iUgi tion):

z(*= -

Z((*) = [Z(()] * + 2iir /2 ,x[((* )2] (: > 0).

Iwo-pol ai)ipro)ximationls18 (goo(t foir in upper half )lale CXCCt w(lvi
,/ < 71 1/2 r.2 Xl)( - 2 ). .r > 1):

0.50+ ().81,i 0.50 - 0.811
Z(() + -- * = 0.51 0.8li:

(0.50 + 0.96i 0.50 - 0.96i4'Z (() + . h =0 .8 - 0 91 i.
(h - 4)2 ( +,* ( ) 2

30
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\hoffset=1.Otruein\voffsetr:.Otruein\hsizere.Struean\vsizer9.otruean

\pageno=31

\centerline{\headfont COLLISIONS AND TRANSPORT} \bsk\indent

Temperatures are in eV; the corresponding value of Boltzmann's constant

is $k = l.60\times lON -12}\,$erg/eV; masses $\mu$, $\mu'$ are in units o f
the proton mass; Se-\aipha = Zj\alpha e$ is the charge of species $\alphat.

* All other units are cgs except where noted. \msk

* {\headfont Relaxation Rates} \ssk\indent

Rates are associated with four relaxation processes arising from the

interaction of test particles (labeled $\alpha$) streaming with velocity {\bf

v}$-\alpha$ through a background of field particles (labeled $\beta$):

$$ \eqalign{ \hbox to lO8pt~slowing down\hfil} &{d{\bf v}A\alpha\over dt}

-\nu-s\AOB {\bf vlj\alpha \cr

* \hbox to lO8pt~transverse diffusion\hf ill &{d\over dt}({\bf vJ-jalpha

*- {\bf \bar vh-\alpha)>2jperp = \nu.Aperp-\AcB {v-Aalphal>2 \cr

\hbox to lO8pt~parallel diffusion\hfil} &{d\over dt}({\bf vjalpha-

{\bf \bar v -jalpho)-2jparallel = \nuj\parallelf\AOB {vj\alphat-2 \cr

\hbox to lO8pt~energy loss\hf ill &{d\over dt}{v-\alphaP-2 = -\nu-

* \epsilon-\AOB {v-.\alphaP-2, \cr}$$

where the averages are performed over an ensemble of test particles and

a Maxwellian field particle distribution. The exact formulas may be

written${I19}$

* $$\eqalign\nus\AOB &= (l+m-\alpha/m-\beta)\psi(x-\AOB)

* \nu-OtAOB ; \cr

*\nu-\perpt\AOB &= 2\leftf (1-1/2xt\AOB) \psi(x-\AOB)+ \psi'(xt\AOB)\raght],

* \nu-Ot\AOB ; \cr

\nu-Aparallelt\AOB &= \left[l \psi(x-\AOB)/x \AOB\rightl \nu.0-\AOB ; \cr

\nt-\epsilont\AcB &= 2\left[ (mj\alpha/m-Sbeta)\psi(xt\AOB)-

\psi' (x-\AOB) \right] \nu.O - AOB j$$

* where

* $$\nu..0\AOB = 4\pi {e-\alpha2e-\betalY2\lambda-\alpha\betan.\beta/

* m-\alpha>2{v-anlphaiV3 ,\qquad xt\AOB = m..>heta {v-\alphalY2/

* 2kT-.\beta;$$

S$\psi(x)={2\over\sqrt{\pi}} \int-.Vx \!dtA, ti/2} e&{-t}; \qund \psi'(x)

{ d\psi\over dx},$$

* and $\lambda.{\alpha\beta} = \ln \Lambda_{\alpha\beta}$ is the Coulomb

* logarithm (see below). Limiting forms of $\nu-s$, $\nuj\perp$ and

$\nu..Aparallel$ are given in the following table. All the expressions s hown
\v2il\ej ect\end
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COLLISIONS AND TRANSPORT

Temperatures are in eV; the corresponding value of Bolt.zinann'iis oni-,sint
is . - 1.60 X 10 - 12 erg/eV; masses IL, /t' are in units of the proton uIaIss:
col= Ze is the charge of species o. All other units are cgs ex('cl)t wh.r(c
niotel.

Relaxation Rates
Rates are associated with four relaxation processes arising fromn the in-

teraction of test particles (labeled a) streaming with velocity v,, throuMgh, a
Sl)(kgromi d of field particles (labeled /3):

slowing (lown dv, - vk Vdt - 9
'

transverse diffusion dt(vC) - V0,) 1" 0± r,2
dt

tarallel diffusion t v, -

(.l.ergy loss - v -(1 ,,,1,
(it

wlI( D le eWrages atl'e lerformed over an e nsel)le of test particles and a
.I;Ix%(.'II llii Iid larti C('e distriumtion. The exact fornulas May be writteiil

/ In, (1 -- x

" ' [(1 - 1/2."l" r'"(x"/") + u'(:'/")] u</A:

- / [

/3 ,

,,/ 2 _(i~ /,uIA--b- 21,:T.-

1" -- 4 7r , ' A  / , 1 " .I I 1, 1 -''ll j: -- I),, A I),,, / kT

1/2

(11/

v -7r(Ix

il .\,, = lIn A ,I is the (ouloniih logarithn (s((, l)elow). Limiitiuig fou s ()f
' . C', .I ' I ; , ivn, . iII ti' fllowing table. All the ('X )iressi(uls sl i)wi

: '31
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have units cm$-3\,$sec$N -1}$. Test particle energy $\epsilon$ and field

particle temperature $T$ are both in eV; $\mumj/m-p$ where $m-p$ is the

prtnmass; $Z$ is ion charge state; in electron--electron and ion--ionI encounters, field particle quantities are distinguished by a prime. The two
expesson gienbelow for each rate hold for very slow $(xt\AOB \ll 1)$ and

very fast $(x-\AOB \gg 1)$ test particles, respectively. \msk

% \app AD\lra ARE BOTH DEFINED IN PROLOG.TEXr

\halign{\quad#\hfil &fl\hfil &fl\hfil \cr

&\hfil\undertext{Slcw} &\hfil\undertext{Fast} \cr

\kern-lem Electron--electron \hidewidth \cr

$\displaystyle \nu-s- e/e'}/n-je'}\lambdajee'}$&$\app 5.8\times 10{ -6}

T{ -3/2}$&$\lra 7.7\times IO-SI6 \epsilonN -3/2}$\cr 4

$\displaystyle \nuj\perp-e/e'}/nj-e'\lanbdn-ee'}$&$\app 5.8\times iO-sI6

TNf-1/2}\epsilon-1}I$&$\lra 7. 7'tirnes iO-sI6 \epsilon-N-3/2}$\cr N

$\displaystyle \nu-_\parallel- e/e'}/n.Ne'}\lambda- ee'I$&$\app 2.9\times

iO-sI6 TN -1/2)\epsilonN -1}$&$\lra 3.9\times 1ON -61T\epsilon-5-/2}.tcr

*noalign{\smallskip Electron--ion \srnallskipl

$\displayssyle \nu-s- e/i}/n-liV2\lambdaj eil$&$\app 0.23 \ruN3/2ITN-3/21$
&'$\lra 3.9\times 1ON -6}\epsilonN -3/2}$ \cr .

$\displaystyle \nuj\perp- e/i}/nJ-Z2\lambdaei$&$\app 2.5 \times iO--4

\mu {1/2IT-i-/21\epsilonN -1I$&$\lra 7.7\times 1ONf-6I\epsilonN -3/2}$ VtC

$\displaystyle \nu-\paralilefe/iI/nJVZ2\lanbda-Ne}$&$\app 1.2

\times iON -41\rnu- /2}TN -1/2}\epsilonN-iIl$&$\\lra 2. l\times

1CY{-9}\mu-1IlT\epsmlonNf-5/2} $ \cr

\noalign{\smallskip Ion--electron \smallskipl
$\displaystyle \nu...C i/e}/neZ2\lambda 9 {e$\pp16tie 1O-}rn<{-W

L{ -3/2}$&$\lra 1.7\times ION -4}\nu- i/2}\epsilonN--3/21$ \cr

$\displaystyle \nuj\perr {i/e}/n -eZ-2\lnmbda- ie}$&$\app 3.2

\timesIO- \r{ }T1/Ipsln 1}&lr

1.B\times iO }n /}es tS\cr

$\disp layscyle V - . ~ ~ andi_{e!tnp1.6

\timesiO-Y-iep:-

1 .7\t imes 1V{ '± 1_ O$ c

tcisplay:style I nI I' $''<

t a +{1)' c) 6'~ .'' S~1~ r boi Fro

+V rll ver ~1l -r X110

{ rwV{I/2}\oves - i

-117"itaystyle {\nt \ 1 1111 4L'''.- _1 . .

aio{-} l n r

Ip 65 ri 7, T74- --
%.

:I ~ f '' 1 F r- 1

px~2 r"- C ryi n 7 r -1 - I, c'u'

k, fi 1: - ,r l
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3
have units cll 3 sec - 1 . Test particle energy c and field particle temperatture T
are both in eV; it = mi/n1 where rnp is the proton mass: Z is iou lage
state: in electron-electron and ion -ion encounters, field particle quantities are
distinguished by a prime. The two expressions given below for each rate hold
for very slow (x/ 3 K< 1) and very fast (x"/13 > 1) test particles, respectively.

Slow Fast
Electron -electron

Ic/C /n, Ac, , 5.8 × 10- 6 T - 3 /12  7.7 x 10- . - 3 / 2

C/C'/ 5.8 x 10-T 1 / 2  x 10 6 -/2

e/n, , , 2.9 x 10 T 3 1IE10-2T-126

Electron--ion
V, /i/ni iZ2 Aej 0.233/2 T - 3 / 2  ---- 3.9 x 10- G F-3/2

V/ i /n iZ2/Ai ,zz 2.5 x 10- 4  1/2 T- 1 / 2 - 7.7 x 10-66 - 3 / 2

1 / , Ai 1.2 X 10 4 I12T- E/2£-  - 2.1 x 10 -Lt-Tr - 5 2

Ion clectron

u.+/ Z 2 Aj, 1.6 x 10- - 1.7 x 10 - 4t 1/2 -3/2
//,,.Z 2  9 3 1 1 T 1.8 X 10 7 -1/2 -3/2Z± Aj, 3.2 xl-i-T1q .x 10- It T-3/_

1/, Z 2  12 - ) 4L/ /
/1 /, Ai 1.6 x 10 9tL 1T- /2 - -- 1.7 x l) 4 /Te. - 5 /

Iol io1
/21/2

9.0 x 10-s 1  +,'

ii.. 
it, 0 /2..

i/it

/L .4 x 0 t ' 1 / 2 It- I T- 1 /2 1

2I 2A 
7 1/21/23/1

-, 1.4 x 11 - 7  it-

i/ii./1' Z Z 1 A I1/ 6 .8 x 10- s8 V f /21t- 1T - 1/2 6-  18 1 2 f l-/
9.0 X 10 - s  / ,- :,/

III the samie limiit.s. t.he energy transfer rate folhws 'r(,n) the ideitity

/' -- 2v., - IL - ll.

x: ' ()t t'r the case o)f fast electrons or fast ions scattere(l by ions. where t.te

IeLding trlis cancel. Then the appropriate forms are
,,/ . 9 Z)
- 4.2 x 10 niZ A, i

3/2it-1 8.9 x 1O4( T) / 2 -1 l FT)] s-1
[--2jt 89/ F exI>( -183.Ju/T) -1,
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and

$$\eqalign\nuj\epsilonf i/i 'I \longright arrow 1. 8 &\times 10-{-71 n i 'I Z-2

Z'-2 \lambda...ii'} \cr &\left[ \epsilon{ -3/2}\mu{ 1/2}/\mu' - 1.1(\mu'/T)
-{1/2} \epsilon-{-1} \exp(-\mu'\epsilon/T) \right]\,{ \rm seclP{-1}.\cr}$$
In general, the energy transfer rate $\nu-\epsilonAB$ is positive for

$\epsilon>\epsilon-alpha\hbox*}$ and negative for $\epsilon<\epsilonj\alphn

\hbox{*}$,

where $x\hbox{*} = (mj\beta/mj\alpha) \epsilonjalpha\hbox{*}/Tj\beta$ is the

solution of $\psi' x\hbox{ *})=(mioalpha/mbeta) \psi (x\hbox*)$. The ratio

$\epsilonj\alpha\hbox *}/Tj\beta$ is given for a number of specific $\alpha$,
- $\beta$ in the following table:

% BEGINNING OF TABLE

$$\vbox{\offinterlineskip \def\quad{\hskip0.6em\relax} \hrule \halign{

%I \quad IS REDEFINED TO ADJUST SPACING.
&xvrule# &\strut\quad\bfiln\hfil\quad &\vrule# &\quad\hfil#\hfi-l\quad
&\hfil#\hfil\quad &\hfil#\hfil\quad &\hfilu\bfil\quad &\hfilfl\hfil &\hfilg\hfil

-, \quad \cr

* height2pt&\omlI\om&\om&\orn&\om&\om&\om&\cr

&$\AOB$ Si/eS &Se/e$, Si/iS &Se/pS &Se/$D &Se/$T, Se/SHeS-3S &$e/$Eie$-4$ &\cr
height2pt&\on I\om&\om&\om&\omr&\om&\om&\cr

~noalign{\hruil
height2pt&\oml \om&\om&\om&\om&\om&\om&\cr

* &$\displaystyle {\epsilon_\aloha\hbox{*}\over

-' T..Abeta}$ 1$1.5$ &$C.98$ &54.S\times 1O-{-3}S & $2.6\times

10{ -3}$ &$'S.\times 10{f-3}$ &\quad$1.4\times 10-f-31$ &\cr

height2pt&\omlI\om&\om&\om&\om&\om&\om&\cr

* \noalign{\hrule}}}SS

*',,indent
%.hen both species are neni Naxwellian, with ST-i \approxlt T-e5, there at,

*jst two charncte-r:-s:c col'lision rates. For $Z = iS,

U~eqaign{r~u e tr9o7vs 1Y{ -6}n\lambda{T~e>{ -3/2}\,{\rm sec>-i}1; ,cr

tr4Stims 1{-Sn~labdaTs}--32}\m{-12}\{\rsec}Nf-1.\cr~ls

szalllskiu)

6 headfont Temperature Isotropization}

-cc ollskip\indent

Isortropization is described by

$tfdT-\perp \over dt} = 1 \over 2} {dT-\parallel \over dt} -\nu-T-alpha

(T-\perp - T-\parallel),SS

-.:ere, if $A \equiv T-_\perp/T-\parallei 2 > 0S,

4 wi \nu-T \alpha = {2\sqrt\pi}e \alpha-2{e \botal-2n \alphaN lambda f {alpha
>bheta} \over {m \alphat{1l/2} (k-1 \parallel)Y{3/2}} -{-2}\left[-3 + (AK3)

{{\tanP-1}l (A-f{1/}) \over AU{1/2}}\right] .$$

If $A < OS, S\tan-{-1}(AA 1/2})/A-{1/2}S is replaced by S\tanh-{-1}

Frr $Tj\perp Napprox Tj\parallil \equiv T$,

teqalsgPn{\nu _ We k- ?.2\tlmes 1O2--7}n\lnhda T-{-3/2}\,{\rmse {-}

t~u _< t ~ >\rn'V{-12} T-3'V2}\,{\rm sect-1..

33a
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1.8 x ZO- 7 'niz-Z 2 Ai

[F -3/21/2/,- 1.X(/ '/T) 1/2E-1 xp(-I1L' /T)] see -

In general, the energy transfer rate vck/ 3 is positive for r > rE,* and n'ga-
tive for (: < E*, where x* = (, /m, ) E */T3 is the solution of 4// (J* =

(.n" /1nt. 3 )'V(x*). The ratio r, */T 3 is given for a number of specific cy. /3 in the
following table:

,//3 i/c c/c. i/i c/p e/D e/T. e/He3  c/He4

1.5 0.98 4.8 x 10- 3 2.6 x 10- 3  1.8 x 10 -3  1.4 x 10 -

,Vlicn both species are near Maxwellian. with Ti < T,. there are just
t%%, (];aracteristic collision rates. For Z = 1.

1./= 2.9 x 10- 6 nAT, -3/2 se C-1

=/i 4.8 x 10-snAT- 3 1 2 1 - 1 2 S

Tenmperature Isotropization

I'-;ot rol)iz;tioll is described by

dT_L 1 dTw T

(It 2 dt

whI i , . if A T±/Ti - 1 > 0.

2, o /E , -" , C q 2 /,,, A ,., 1 /2-t n (4 1:

, /(/,.T 2 -3 + (A ± 3) 1
, /2, , -Tl )3/2 A i/

<I A I . taii-(A1/2)/A 1/2 is replaced by tmh-i'(-A)'l2 /( -A)1/2 .,r

7' T, E T.

t-7 8.2 × n 3 / 2 see- 1.

8- 2 1/2T -3/2 1 < ;

'r, T 1.9 x 10- iiAZ 2 /1  SVC-

33
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* \s.mallskip {\headfont Thermal Equilibratlon} \smallskip\indent
If the components of a plasma have different temperatures, but no relative

,,rift, equilibration is described by

$${dT_.\alpha \over dt} = \sum-\beta \bar \nu_\epsilon-\AOB(T_\beta-

T-\alpha) ,$$
-here

$$\bar \nu-\epsilIon \AOB=1.S\times 10{f-19}{m-\alpha m- \beta){-f1/2}{Z_\.a!la'-
{Z_\bet al2n-..\bet a\lambda_.{\alpha\bet a}\o ver (m- alpha T-\beta +

m-.\beta Tj\alphaY{3/211\,\rm secl}{-1}.$$

Far electrons and ions with $T-e \approx T-i \equiv T$, this implies

$$\,bar \nu_\epsilon- e/i}/ni=\bar \nu-\epsilon-fi/e}/n~e=3.2\times 10-9}
Z-2\lambda/\mu T{0/21 {\rm cm}3\,{\rm sec}{-ii-.$$

\smallskip {\headfont Coulomb Logarithmj

\smallskip\indent

For test particles of mass $m-\alpha$ and charge $e-.\alpha=Z\alpha e$
scattering off field particles of mass $m-.\beta$ and charge $e-\beta =Z \beta

e$, the Coulomb logarithm is defined as $\lambda = \ln\Lambda \equiv \ln(r 1:r

max} /r-{\rm mini)$. Here $r-{\rm min}$ is the larger of $e \alpha

e_\beta/m.{\alpha\beta} \bar u-2$ and $\hbar/2 m{ \alpha\beca}\bar u$,

averaged over both particle velocity distributions, where

$m{\lh~ea=~lh m9\beta/(m \alpha -\beta)$ and ${\bf u}

* ~vK_\alpha - {\bf vl-\beta$; $\,r{f\rm maxl = (4 \pi \sum n-\garma {.\:[~
/kT_\gamma){-l/2}$, where the summation extends over all species $\gar:!-1 ff-r

which $\bar u-2 < {vjTMgamma}}-2 = kT-\gamma/m-\gamma$. If this inequali- v
cannot be satisfied, or if either M\ar u {\omegajfc\alpha11}{-1}<r- {\ rm. rc n

* or $\bar u{\omegajfc\beta1Y{-11<r.{\rm max}$, the theory breaks down.
Typically $\lambda \approx$ 10--20. Corrections to the transport coefficients

are $O(\lambda-I}1)$; hence the theory is good only to $\sim 10\%.$ and fallst

when $\lambda \sim 1$.

indent

The following cases are of particular interest:
srncmL 1sk ip

a) Thermal electron--electron collisions

i$\vbox\halign{\hfil# &#\hfil\qquad &#\hfil\cr
Iisplaystyle \lambda-.{ee}$&$\d isplavstyle = 23-\ln({n~e)}{1/2}{T~e}{ -3'2)

* 'lisplaystyle T-e \approxlt 10\,{\rm eV}$; \cr

N .c-allgn \ small ski p}
t '\displaystyle = 24 - \nf~ / Te--1$

S di1splaystyle T-e \approxgt 10\,{\rn eV}I$. \cr} $$

'~Electron--ion collisions

vhcx~alig{\hfl# t\hfil\quad , \hfil\cr

lirlaytyl \lmhd-f ell = \1abd _ {ie}$ &$\displaystyle =23\nlft( '_

4-'/2ZT. &{-3/2}\right)$,&$dpaystyle T _im -~/m 1 <T _ee,10Z-2\,{\rm e}"c
..- align{\smallskip}

cd i splays tyl e \ph{. 1larT !a e {i} Ilarr Id , - {'}} 1 d$ paytl r 4

left({n _e}{1/2} T e{-1} \right)$, Wtdisplay -syle T-_i rs _em _i < 1C

* .'}< T _e$ \ cr \ncnl ign{\srnallsk ip}

,F71aystvlP \phi \lnrhda_ ei} = \lamsbdaji9}} ~d dsl aystlP 30
* :: i-f t ( {n_ Cri}21 2 -Ti} 0 2 Z-2 \ru-1 'r-i)$

~:7~iact~c _e' T-l 7r'9_ i~ \cr}}t.

34a



k%

Thermal Equilibration

If the compo n ents of a plisimia have different tiempier;Ltures. bllt. no rela-
tive drift, equilibration is described by

dT_
dIt - i4 1 '( T 3 - T,)

d t

wh e re

-19 1 2 ) (_2 Z'3 2 ), A(,3
v 1.8 x i19 SOC(,.,T3 + 'ot.3To ) 3/2

For electrons and ions with T, Ti T. this implies

3.2 10 - 9 Z 2 A/T 3 / 2 c 3 1

+ Coulonmb Logarithm

For test I)articles of mass o,., and charge c = ZE c scattering off fiel
particles of mass ,. ald clhrge C3 = Z 3 c. the Coulomb logarithm i "i

as ln A I llmax/rzi ). Here 'mh is the larger of Ce,3/'11 and
h/2o,(, <U, averaged over both particle velocity distributions, where Ut(.

I,,, ,,l.j /('nt, + rn, ) and u = v, - v 3 : "', = (47r , n.- e2 ,/kT-, )-12. where

it, suinination extends over all species -y for which "F2 < T, -- kT-/. /-. If
this ineqiuaity :annot be satisfied, or if either -wccu-1 < x or ii -,.1 <

'..x. the theory breatks down. Typically A 10-20. Corrections to the tratns-
1)4,1t C'effiCeVt, are O(A- 1 ): hence the theory is good only to 10% and fails
wlien \ - 1.

The following cases are of )articular interest:

;t) ThIII. trial electron -electron collisions

A,, = 23 - lIn(i, /T, -3/). T 10eV:
1/2 ,- 1= 2-1 - li(/, 1 , ). T, , 10eV.

(1) 1%l4 ct1-4)11 imu ( OlliSi(,4l

(1/2 -3/2 )  <7'<I(Z2A, 2") 1 /I 1
/ 1/2 12 -S2.4 - 1n , T . 'T, , < ?"- .V < T'

34
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(c) Mlixed ion--ion collisions
$$\lmbda {a'} =\lamda i'i} = 23 - \In \leftF {ZZ'(\nu + \mu,)\oe .r

T_ i'} + \mnu' T-i} \left( {ni Z-2 \over T-i} + {ni' Z'}-2 \over

Ti}}\right)Y{1/2} \right].$$
(d) Counterstreaming ions (relative velocity $v-D = \betaD c$) in the presence 0

of warm electrons, $kfli/m-i, kTjfi'}/m_{i'} < {v-DI2 < kT-e/riue $

.$\ambda_ {ii'} = \lnmbda_{i'i} = 3S - \ln\leftE {ZZ'(\mu +r \mu') \over
"mu\rsu'{\beta .D}%} \left({n e \over T e} \right)Y{1 \right'.$$

.smallskip

nheadfont Fokker-Planck Equat ion}

St{Df talnha\over Dt}\eqjuiv{\,partial ftalpha\over\pa1rc ial t}±{\hf
'}\cdst'.nabla f-\alpha + Vhfb P}\cdot\,ablaj\bf v~f - aipha

\left({\parrial f \alpha\over\partsal t}\right)_{\rm coll},SS
wcre{bf F} is an external force field. The general form of theccl:r

:u~teral $'martal falnha /\partsal t) _{r

-1 z -xcum'heta\nabla{ \hf v}\cdot{\hbf J}>\ACE$, with
* e~align{\hf J} AP = 2\pi\lambda{'apaea}e\apa {e bt-

a lpha} \int &d-3\1.vNuU\hhox{\tf I} - {\hf uu})ut -3} \cr &\cdct\lf 1
7-beta~f -\alpha({\hbf v})\nah)la_{\hf v'}ft\heta({\hf v'})-{1\over

* a _\lphalf-\beta({\bf v' })\nabla_ {\bf v~f-\alpha({\bf v})\Iright\ cr1
* (Landau form) where ${\bf u = v'-v}$ and \hhox{\tf I! is the unit dyad, ci
* alternatively,
* tS\bf J} \AOB =4\pi\lambdaj \alpha\beta}{{e-_\alpha-2{e-\beta>-2\over

* {mjalpha>-2\lef.t\{f-\alpha({\bf v})\nabla..{\bf v}H({\bf v})-
{1\over2}\nablt.{\bf v}\cdot\left[ f-\alpha({\bf v})

* \nablai \hf v}\nabla-_ \bf v}G({\bf v})\right] \righc\},$$

where the Rosenbluth potentials are

SSG.({\bf v}>'xinc f ,beta({\bf v'})ud-3\'v'$$

* $$H({\bf v})=\leftC(t-( ,_ \alpha\over mj\beta} \righr.)\anr f-\beta({\bf )



*

* (c)Mixed ioni-ioni collisionls

ZZ'(p. + Ai ni nzt /

Aii Ai/ 23 - i L Ti + T + Til)

((1) Comnterstreaimig ions (relative velocitY 'VD = OC ) ill the 1)iwselwe of

Nvaril electrons. kT, /,m . kTi1 / < I'D 2 < kT, /mt

=~~~ 3 i [ ZZ'(~I +FyIt) rl,( 1/2 1

Fokker-Planck Equation

Df Of&-

-. Dt - t a + .Jf 0 J

wh1Ir- F is ;m external for(,( field1. Thie genieral formi of th lie(uhisilwi Hit t-,l';t 1-

(9J Ot).0 1  = ZIVv J'/-'. with

2/--

f- f'(v)V,if '(V' f 1 V )

1,11(;1 forim ) 'w lei U V, /- v ail(l I is lic (liii t d v;tol.( t 11.i fl

" 2 2

111"2/I.~ / 1J
3

U

G(v) f (v± if.L J V/") -
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$${\bf J~tACBt = -\,nu --tCB\f nlalh

{1ff-\over \nujpe= \ACBe ,,'t F2nala{\fi v lalh + i5
The orepectiv e rp.O - 'nu _ c~cparateseA SO) hw e v n dt:wl
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$${3\over 21n-\alpha {d-\alpha kT-\alpha \over dtl + p-\alpha \nabla

\cdot \,{\bf vl-\alpha =-\nabla \cdot \,{\bf ql-\alpha - \hbox{\tf

Pl-\alpha:\nabla {\bf vl-\alpha + Q-\alpha.$$

Here $d-\alpha/dt \equiv \partial/\partial t + {\bf v}.jalpha\cdot\nabla$;

- $\> p-\alpha~n-\alpha kT-.\alpha$, where $k$ is Boltzmann's constant; ${\bf

*Rl-\alpha = \sum-\beta{\bf RIK{\alpha\beta}$ and $Q-\alpha =\sum-\beta

4, QA\alpha\betal$, where ${\bf RI-{\alpha\beta}$ and $Q_{\alpha\beta)$ are.

* rtcspectively the momentum and energy gained by the $\alpha{\rm th}$ species

through collisions with the $\beta{\rm th}$;$\A\hbox{\tf P}.jalpha$ is the

stress tensor; and ${\bf q}.jalpha$ is the heat flow.

\indent

* The transport coefficients in a simple two-component plasma (electrons and

* singly charged ions) are tabulated below. Here $\parallel$ and $\perp$ refer

to the direction of the magnetic field ${\bf BI = {\bf blB$; $\>{\bf u} ={\hf

vIe - {\bf vjhi$ is the relative streaming velocity; $n-e =n-j \equiv n$;

$\>' {\bf j} - ne{\bf uj$ is the current; $\omegajce} = 1.76 \times 10-7

B\,$sec$-{-1}$ and $\omega{ i}=(m-e/m-i)\omega- cel$ are the electron and ion

* gyrofrequencies, respective'.y; and the basic collisional times are taken tc he

$$\tau-e={3\sqrt~m-e}(kT-eY-(3/2} \over 4\sqrt{2\pi}\,n\lambda e-41=3.44 \times

10-5 {{Te>3/2} \over n\lambda}\,{\rm secl,$$

.. _r $C !-r,"a is t~he Coulom logaith, and

* t$\taui=3\sqrt~mi(kTi>{3/2} \over 4\sqrt{\pi~n\, \lambda e-41=2.09 \timeci

S10-7 {{Til-{3/2} \over n\,lambda1\mu-{1/21\,f\rm sec).$$
*In the limit of large fields $(\omega~fc\a1phaI\tau_\alpha \gg 1, \>\alpha = i

e)$ the transport processes may be summarized as follows:$-{211$

\srallskip \def\quid{\hskipO,75em\relax}

\hal ign{\quad#\hfil\quad &$\displaystyle #$\hfil &$\displaystyle #$\hfil \,,,r

m-mnentum transfer &\V{ = -\R_..{e} \equiv \R = \R-f\bf u} + \R-T; \cr

- \noalign{\smrallskip}

* frictliDnal force \ rhf li} &= ne({\Lf jI_\parallel/\sigmai\parallel +

{\bf j} \,perp/\.s lri \na',pp); \cr \noal ign{ \small skip}
* ~electrical &lnipcael&= 2.O\sigmna-perp = 2.O ne-2\taui-e \over n

* hsFnt}condctivities \cr \noalign{\smallskip}

teiclforce &xR-T &= -0.71n\nabla _\pirallel (kThe) - {3n \over 2
*omega _ ce}1\taue}{\bf b}\times\nala_\perp (kT-e) - \cr \noalign{\srrals.k:}

* 1c' l.ocvstng & _ i &={3m _e\over m }{nk\over \taue}(T~e-T~i); \cr
* \n,;algn{\smallskil}

electron heating &Q~e &= -Qil R\cdot{.\hf u}; \cr \noalign{\smallskip}I

u Lenat flux &{\hf 0} 1 ~'- ap prili\1nabla _\parallel (kT _ i

kci-~~i ern inuh apeo 'KT 1) +\kappa \'..ege - i{\f }\ r inles

c.c *prp Ik. ) C Crno g{ a 1 Pjl f':-p1,1

,,1 tin thrMl -1 k kappijpa ra11l-1 k - 3. hnrl' _, \t, u_ 1 ove r m- 1r iii

~clpci perp s 2nklT _ 'o-ver rm 1\c-mega {oif{ph{12 \tai_ i , u;

loppj~ede {.EnkTi 1 'ver On 1 regaciI}}; ',,r

* "~~~\hfiCpt} conduotivitiec '<cr \ lg{ alkp

er-O tron ho'at flux { hf qa} e t{-bf bf f }e+ {~bf (o' Tc r

t arlo IInI hec-it f Ily. 0~Tfc}_ Uhf u i 0,7lickT _ .'hf ilc pcirzil el

i onkT _.cer 2' ov ra {,:e. acu _ }\fh're{bf }n~p o

,,7f~l I ,,ec t end

3 7a

te ,* Ia ." % -~ .~ .. , .' ,N .- %
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3 d kT0,--'n,,+ j)(nV. = -v.q - pr, :V ±? Q,,.
2 dt

Here d" /dt 0/Ot + v,,• V p, -= n, kT,,. where k is Bolt.zmaniis (on.stan:"

Ro=l and Q = Q,,,3. where R, and Q,,,3 are respectiv,.lY
th( moientum and energy gained by the tth species through collisions xw'ih h
the tith: P, is the stess tensor; and q, is the heat flow.

The transport coefficients in a simple two-component plasina (electroins
an(d singly charged ions) are tabulated below. Here 11 and 1 refer to the (ii-
r4ction of the magnetic field B - bB: u = v, - vi is the relative streamll)in
vel,,i t v: It, = ni = n: j = -rtu is the current: w,., - 1.76 x 107Bsee - t1(l
".(' = (,/a,/.) W. are the electron and ion gyrofrequencis. res t)cti v(ly( a 1(1 n
th l).4.S(" c(lli,;ional times are taken to )e

3 VI, kT, )3/2 T - 3/2
-, _ -- 3 .4 x 104- --2 -x I , (.'.u

wh,'c A\ i, th11 (th (eCou lm) l(lgaritih . and

3 (]TI)3/2 T T3/2
-- 2.09 x 10 It1 sec.

4 Vq- . (A ItA

III t1he litiiit (d' large fields (U",., r,, >> 1. 0 - 1. C) the tranLsl)ort, l)Voet'ss( l I1,y
IM r > IIIIi,. rizc(,I as f)llows: 21

11.,,IIICIAt III t r IIS'Cr R (i= -R ;, =- R = R . + R T: ,

,- fii ,, th u , firv , I-,- 10id(i l + jL/ L):

*~a ;;i:t 2.0(T.. 2.()-

3n
* ]vjj~;,]firr4 iIT- - 0711~1 V('hJ, )-b xi X 'C"L(I.T',)

2 . , , T,

,!,,, tri(;,1 <ti 3t,,- 2 .) ,_ ---I .(
" i1 i t 'ti i tg - - (7. !', )

TT

t Iti I Q U:

lull ;t fIn at "lux (1 - 1)1', )I( T -×- kT' T h x V 1

it T; 2n11, T "
1111 t1c14tI1n 3.! t -()h

It ii i (1 fluix -1 +j~ j (I',

,2 L.., T , U'

:37 5

.'5-...,--h r is - ,- - , *U" u: ,5\ .' .
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\input prolog \pageno=38

\hoffset 1.Otruein\voffset=a.Ctruein\hsize=6.Etrueli\vsizez9.Orruein

\def\cuid{\hskipO.7Sem\relax}

\halign{\quad#\hfil\quad &$\displaystyle #$\hfil &$\displaystyle 9$'\hfil C
\noalign{\ssk}

thermal gradient &-Q\bf q}.T-e &=-\kappaj\parallel-e\nabla-\parallel

-'(kT-e) - \kappaj\perjfe\nablaj\perp (kT-e) - \kappaj\wed!.?e{ 'bf bY tires
\nablaj\perp (kT-e); \cr

\bs{1.Ept} heat flux \cr \noalign{\ssk}

electron thermal &\kappa \parallelfe .&'3.2nkT e',au e vri

\kappa \perp = 4.7{nkT e \over m..e\orngcu e Fi pb1i 2 .tue 1 1,
\kappa-\wedge-e = SnkT.e \over 2m-_e\r,megn e}}.I

A ~~\bs{6pt} conductivities \cr rolg{z}

stress tensor (both &P-{xx} &=-~t \cver 2}'."-_ xxV+Y ,vw - eta .

\cr

j: p P0

P 7D

f I.

f. 'I. ,,ft

n. t1~ r -a 1.,f

p i-,r S an ' , 7, Crt r i,
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.k~wiw w w l.-r-r;r W-?%-*,F""7 .- -.

%vl(,(, 11is a itiacroscoJpic scale parallel t~o the fieldI B and~ L~ is the( smnaller (of'
131 / 7 1i D I and~ the tranisverse plasmai~ dIimensionl. Inl adldition,. the standal~rd

-tlr ilisport coefficienits atre validI onily wheni (3) the Coiiloiiib logarithmi saltisfies.,
A >~ 1: (4) the ele('troii gyroradlius saLtisfie s r, >~ AD, or 87r-ni, fi, c 2> D B 2 : (5)
rii; .t iv ye rifts u =- , - V,4 litwee(ii two specie s are siiall comiparedc( with the

t hl riiit velocitie(1s. i.e,.. 11 2 < A:T,, m kTj ? and~ (6) anioiiialoiis t raiisporc
processc ('.' 0l'iig to(1110 uiri s tahcili ti (,S atre iegligile.

* Weakly Ionized Plasmas

Cillj ioii frequenclcy for. scattering of chatrged patrticles of species o by

V. In C is fIS t 11C11t 1*l Iens11itV ;L11(1 (T7 iS, tHe (lo0'S seCt 011. ty l)il(LII

%Vl1(1 the Vys011ji iS11; (ml iirtI wt le~ eig.L« AD-. thn

/1T, + ' 1), 1' ),

7"L, " )

* Yi' 1 ) 1F3/lB a iin(

(T CT + , )

Ij 
2

lre(TL and1( (TA aethe Peder-seii andi 11;ll coli(hllctiViticS. 1('slective'I.
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\input prelog

\hoffset=1.l25truein

* \voffsetO0.7Struein

\hsaze=6.25truein

\vsizet9.Otruein

\pageno=4O

\cent erl ine{\headfont APPROXIMATE MAO!IITIJDES}

\,vskiplpt

\centerlane{\headfont IN SOME TYPICAL PLASMAS)
\bsk *. BEGINNING OF TABLE.

$$\vbox\offinterlineskip \defvsrulc{'\aoalign{ \hruile}

\tabskip=Opt \halign to \hsize{
\vrule# \tabskip=3pt rinus2pt&\strut #\hfil &\vrule #&\hf:1$#$\hfil

&\vrule #&\hfil$a$\hf:1 9'\vrule #L~hfil$#$\hfil

4 &\vrule #&\hfil$#t$\hfil Vg mle#\hfil$#$\hfil

&\vrule #&\hfltm$t\hfal k vrlz\tabskip:Opt\cr\trul1e

ss-kc{7}{ 4pt}
* & itilPlasma Typein\ {\rm cm 3}T \rm eV}rI \omega- 4 pe}\ {\rm secl-i)1

lamb-da D\ {\rm cm) In'Imd a{ ~ > ei}\ {\rm sec>-}! \cr

&Insersteij am gas 11 I 1 \ie~4a{~ I\cm$7\timesiO{ 2}$\hfil 1
ti4 s{}7tm1 4 ~ cr ',tkc{T}{Opt}

sir C-ia i1 12T 120 110-7 7 4tms1

- ?:~u'"tc Ir . l10} 17 tme sl0 -3) 1

.. ii at- sspbrp, 'I' - 7 u 17',t m -ii-S} !40 I

& hk,.p 1cm gia: I r'tIskc{7}{Spt}

C.* ar M7 Ia-,ma c- t7I"12\t imesl04C-}1 1 10-3 10-7&\cr

-, 1 CK t 7 im C

Plasm- 10i1014's.7 -7} 107 1

. .. . ..*~ %-c lsa 1>c c C~~s1{ I~ie1{7 4



APPROXIMATE MAGNITUDES
IN SOME TYPICAL PLASMAS

3 x 3

m~asiiia 'ype n cii IF c\' CL' S(C(*- A, 9  (111 u''L) V 5cc-

lilt crst ellax -a" 1 1 ) x lof 7 x12 4x W' 7x1(-

Gaseoiis iiebiila 10~ 1 2 x 1(06 2( 10' 6 X1

S()l;11 corolla 10" 0 10 7 -1 xK 1 0 S C x I()!-

Diffuse- hlot. plasil;. 12 102 G x 101') 7 x (-ixio -1

~u~r tmsphere. 114 1 6x11 ~W (

I (ischlarge

10 10 6o G x(11 2 x I ()-4 3

I() piasmIla Gn 10 x6 1011 7 x 1i0)-' 4 x 1~4 x 1 W3

Tlwiinoiiiclear 0 1 2 x 10122xi 3  1 x 1(),

plsiii a

a 4ii cli11 02 ( 11 7 x W -1 x 10" x I z

[T.1-, C x 1( 7 x 10 Ix 12 2 < D)11

Plasa H' 10 Gf x 101 7 x H)] 10 2 1( 12
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IONOSPHERIC PARAMETrERS 2 3

The followitig tlll-.gl vig ight ttile ValinCS \ VliereC t\VW 1111111-

lbers are enitered1. the firs~t refers to the lower and? the( seon h)1(1t th Ii) lpyci

port ion of the layer.

Qtaitit~y E Reg0Ion F Region

Altit-iide (kinl) 90- 160 100 500

Niiie ll~ty(n1) 1.5 x 10'()-3.0 x 11) 5 x loll 2) x I(o

* H eight-iitegratedl numbiier 9 x 10l4 4.5 x 101
(el('ity (inl- 2 )

LI()I-1w21t1 11 'ollisionI 2 x 1o 3 102 0.5 0.05

*bi 'gvl- ,/cohhisiolI 0.09- 2.0 4.6G x 10-5.0) xi)

bi V((f'5o1fact-oor 0.09-- 0.5 2.2 x i- <In

'i + t;

bim I1;1il factor s x lo' 0.8 1.0)
p/(+ I;i2 )

I'l( (tfl)t-iiellti;t (dlIJsiom 1.5 X I(o4 9.0 o XIo2 S) 0

1:f~ ifk ~u-cfhsilI. x 10 6.9( x 7.S8 x 10~ 0 .2 x It)
ji( 1wilcN (X itiE) t,.

F ,Ic .)? 11i pee~rseil fa;ctor 2.7 x i0-" -1.5 x 10- 4  10-' 1.5 xD

I lA( ft l 111 H1ll factor 1 .0 i.0)
~, "/ 1 + t,,,2 )

M.,f;-1 ito leclila . \ i,4 lit 28 26 22 G

- f1 V f (([i(itV(sec ) 180 -190 230n2n

j '\fltl*' iffislioi o ) x I o
cf cfl~i('lt (Il 2," -lI

lt t4 l' -tlsi;lI I~a2i ft( ield] ill thc u\( iitolm~ ltfl1 ;0 (~i;tht;

* lftltI'Sr- Is alp)Xillttdlv Pr) -~ > it)) thxa HI0 The tlI 1flilhis i'-

WfihJ (h.',71 kill.
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\input prolog \pageno=43-

\hoffset=1.Otruein\voffset=1.Otruein\hsize=6.Struexn\vsize=9.Qtruein

\centerline{{\headfont SOLAR PHYSICS PARAMETERS}$Mf24}$} \msk
\vbox{\offinterlineskip \tabskip=Opt \halign to\hsize{

\vrule#\tabskip=3pt minus2pt&\strut#\hfil&\vrule#&\hfil$#$\hfil&\vrule#

&$#S\hf il&\vrule#&\hf il#\hf il&\vruleu\tabskip=Opt\cr\trule \tskc{4}{2pt}
&\hfil Parameterl\hbox{Symbol}I\hfil\hbox{ValueliUnits&\cr0

\tskc{4}{2pt} \trule \tskc{4}{lpt} \trule \tskc{4}{2pt}
&Total masslIMi\odotlII. 99\timeslV{33} Ig&\cr \tskc{4}{1 .2Spt}
&RadiuslIR-\odotl16. 96\timeslOf 0{i1cm&\cr \rskc{ 4}{I. 25pt}
&Surface gravity I g\odotI12. 74\times1O-4 icm\ts sSV{-2}$&\cr \tskc{41.2Sptl

&Escape speed Iv-\inftyl16. 18\timeslO-7l1cm\ts s$-{-1}$&\cr \tskc{4}{1.2Spt}

&Upward mass flux in spiculesl\hbox{ ----}'1.6\timesIO{ -9}fg\ts cm$V{-2}$

\ts s$V{-1}$&\cr \rskc{4}{1.Spt}

&.Vertically integrated atmosplhcric densicyl\hhox{ --- }Hlom\hfil4.28\hfil

g\ts cmt-{-2}$&'\cr \tskc{4}1 .25pc}t

&Sunspot magnetic field strengthlL{ \rm max! I\oni\hf ilSOO\,hhox{--3500\ififlI

G&\cr \tskc{4}{1 .2Spt}

&Surface temperaturelIT-0 I\om\hf ilG42O\hf ill K&\cr \tskc{4}{1 .2Spt}

&'Radiant powerl\cal L-AodotI3.9O\times1O-{33}Ierg\ts s${ -1}$&\cr \tskc{4}{>.2Spt}

&Radiant flux densityi\cal Fl6.41\times1O-{1O}Ierg\ts cm$V{-2}$s${f-1}$&\cr

\tskc{4}1 1.2Spt}

&Cptical depth at SOO\ts nm, measuredl\tau{SOO}I1\om\hfxlO.99\hfill \hbox{ ----}c'r r
&\hskip lem from photospherellI I\cr \tskc{4}{1.2Spt}

&Astronomical unit (radius of earth's orbit)I\rm AUI1.5O\timeslO-{l3}Icm&\cr

\tskc{4}{1 . 2pt}

&Solar constant (intensity at l\ts AU)Ifll.39\timeslO-6I

erg\ts cmSV{-2}$\ts sV-l}$&\cr \tskc{4}{2pt}\trule}} \msk

{\headfont Chromosphere and Corona}V{ 25}$ \ssk

\vb cx{\of f int e rli ne s k ip\t a b sk ipr=0p t \ hali gn t o\ h s iz e{
\vrule#\tabskip=3pt minuts2pt&\strut#\hfil&\vrule#&\hfil$#$\hfil&\vrulel

&\hfil Parameter (Units) I\oml\oml\om&\cr \bs dpt}

omI \h b ox{ S,,n} h \b ox{ H ole} h \b ox{ R eg io nI & \ cr

\tskc{4}{2pt} \trule \tskc{4}{lpt} \trule \tskc{4}{2pt}

tClrnmospheric radiation lossesi I &\cr

&\hskip 1cm (erg\ts cm$V{-2}$\ts sV-i}l$) II I\cr \tskc{4}{pt} 6

&\hskip 2em Low chromosphere I2\timeslO06GI2VcimeslY1-6GI\approxgtlO07&,\cr \tskc{ 4}±lpr}%

&\hskip 2em Middle chromosphere I2\t imes 10-6i12\t imesI10-61OW-&\cr \tskc4}1 1 pi

&\hiskip 2en Upper chiromosplierel3\timesO%513\timeslO-5I2\timeslO-6&\cr \ts-kc{Jc',,, thc

&\hskip 2cm TotalIl4\times1V-6I4\times1C-6I\approxgt2\times1O-7&\cr \tskc4}{..Y"F,-'

&Transition layer pressure (dyne\ts cm$-{-2}$)IO.210.07l2&\cr \tskc{4}{.Fpt}

&Ceronal temperature (K) at 1.1\ts R$j\odot$I1.1\hibox{--}1.6\timeslIiO>30-

2.5\times1C-69,\cr \tskc{4}{1.Spt}

ternlenergy losses (erg\ts cm$-f-2}t\ts sV-1}l$)lII L\cr \tskc{4}{lrr}

&z\hr kip 2em Conductio.nl2\timeslOI16\timeslOA41lO-h\hhox{--11V7&'\cr\to-kc{4}{>:}i~t

& hnkip 2-m Radiation 10S5lOMISl\times1lom&\cr \tskc{4}{Ipt} 4

R.(.hskip) 2em So--lar Y..indl\approxlt S\timeslO^47\timesc-5l<O-htNcr \tskc{4}{lt} .

&'lir-kip 2c m Tncai2\timneslO-5IS\timeslO--h,1lO7&\cr \tskc{4}{1.Spc}

tSclar wind mass loss (g\ts cm$-{-2}$\ts s$1 -1}$)I\approxlt2\timeslo-fl} I

2t~m~sIA-1OI<4tims1Y{11}\cr\tskc{4}{2pt}Vtrule}}1
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SOLAR PHYSICS PARAMETrERS 2 4

Parami-eter Symbilol Value Units

Total mlass M. 1.99 X 1033 g

Radiuis R.-. 6).96 x lol,10I

Surface gravity g. 2.74 x 104 Cems-

Escape speed 7vo 6.18 x 10' ("msls

Upward miass flux ini spicuiles - 1.6 x io-1 gemll -2 s

Vertically initegrated atmiosphieric (lnsity 4.28 gemII

Sunspot miagnietic field strenlgthi B 11 1t 2500-350(0 G
Surface temi-perature TO6420 K

*Radiant power C. 3.90 x i03 3  erg s -1-
R~adianit flux denisity T 6.41 x 1010l erg ciii s -I

Opial (lepti at 50011!11. iieasured 0.99 s

fromi pliotosphiere

Astroniomiical unit (radiuis of earthis orbit) AU 1.50 x 1013 CI

Solar conistanit (initenisity at 1 AU) f 1.39 x 10G (Urg ("III -2

Chromosphere and Corona2

Paaiite (iit)Quiet Corollal Active
Paamte (nis)Still Hole R~egionl

* Cliroiiiosphieric radiationi losses

(erg c III 2 s 1)

Low chiroiiiosphiere 2 x 106 2 x 10' > o

Middle chroiosphiere 2 x 10' 2 x 106 10'

Uppyer chroiiiospliere 3 x 105 3 x 103' 2 x 0

4oa 4x10' 4 x10' 2 x 10'

Tr;iis it ioii layer pressuiire (d(y lie c-ii -2) 0.2 0.0 (2

(Tomlt('muleratmre (K) at. 1.1 PB 1.1 1.6) x 106 106 25 x10

Cut II(icti oh 2 x 10" G xi0 10 10

P i;titioli ( 1" 10 4 5 x 10'
,(I,,I Ndl 5 ( >(0" 7 105 < 0'

I)ta13 x 10" 8S x 10o" I0

SolaIt rwii* 1l(1t1ass; 1tss (11 cut <) , x 10o x 101 < I x I0
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\input prologI \hoffsetl .2Struein

\centerl ine{{\heaidfont THERMONUCLEAR FUSIO111}V{26}$}

\bigskip

Natural abundance of isotopes:

\sniallskip\nointerlineskip

$$\vbox{\halign{#\qquad&$#$\hf il\cr

hydrogen&n-DN \vphantom{3}}/njV{ \vphantom{3}1 =. 5\timeslV{ -4}\cr

belium&n{ \rm He-3}/n-{\rm He&4}r1.3\timeslo{ -6}\cr

littbiur&nJ\rm Li-6}/n-{\rm Li-7liO.OB\cr}}$$

ha,-lign{4\qquad\qquad&-$#$\hf il&$U$\hf il \cr

Mass ratios: &m-e/m-D &=2.72\timeslY{ -4} = 1/3670 \cr

&(m-e/m-DY{/2} &=1.65\timeslY{ -2} = 1/60.6 \cr

&m-e/m-J &=1.532\timesl0N -4} = 1/5496 \cr

&(m-e/mjY{-1/2} &=1.35\timeslo{ -2} = 1/74.1 \cr}

\medskip

Absorbed radiation dose is measured in rads: 1 rad = 10$r2$\ts erg\ts gr-i}.$.

The curie (abbreviated Ci) is a measure of radioactivity: 1 curie=

$3. 7\t imeslO{ 10}$\ts counts\ts sec$V{-1}$.-

\medskip

Fusion reactions (branching ratios are correct for energies near the cross

section peaks; a negative yield means the reaction is endothermic):$tOT} $

\srallskip\def\yieldsgl{\lower4.Spt\hbox{$\overrightairow{\pb{0}#1\ph{O}}$}},

% THE \yields MACRO IS USED TO DRAWk THE 'YIELDS' SYMBOL '--->' W ITH

%A NUMBER UHOEKR IT. S

\balIign{\indent#\quad&.#\qnaidgf\hf ilk#\hf il&\hf il\cr

&l&D+ D&\yields{S,7O"'%}&T(1.O1\ts Hey) + p(3.02\ts MeV)\cr
&\ys~dcV~He$3(0.B\ts eW) + n(2.45\ts MeV)\cr

&D t + T&yed~i{3Y}&e4(.~sMeW) + n(14.1\ts MeW)cr
ki3) &D0 + Het3, - $&\yaelds{\pb{S0\%}}&He$-4$(3.6\ts HeW) + p(14.7\ts NeW)\cr

k<4) &T + T &\yields{\ph{SO\%}}&He$-4$ + 2n + 11.3\ts MeW\cr

U &He$-3$ + T&\yields51\%}&HeV4$ + p + n +- 12. 1\ts MeW\cr

&\yields{43\%}I&HeSV4$(4.B\ta- HeW) + D(9.S\ts HeW)cr

&\yields{\ph{5}6\%}&He$-S$( 2.4\ts MeW) + p(11.9\ts MeW)\cr

&(6i) &p + Li$-6$&\yields{\ph{5O\%}}&'He$-4$(1.7\ts MeW) + He$-3$(2.3\ts M-e',')\cr

P:'7a& )+ Li$-7$'\yields20\/.}2 He$-4$ + 17.3\ts MeWV\cr

Wh~k,&\yields{BOV/.}&BeIV7$ + in $-$ 1.6\ts MeW\cr

<3 D + L:V$&Ay,,ields{ \pb{5O\%}}&52$He$V4$ + 22.4\ts He'\,c r

t)s + IR{1 1$ k yi1ePd1',{ \., h Sr\"}}&P3 H e $-4 $ 83- 7 \ t s e7~\ cr

t I{tIn

44a
4

sal~~~~ ~~ cr% %~IiOisatns e F 5w nv



*L -,w -~j VW V - --. . .

THERMONUCLEAR FUSION 2 G

Natural abundance of isotopes:

hydrogen =nD/nH = 1.5 x 10 - 4

helium nHe3 /nHe4 = 1.3 x 10- 6

lithium nLi6'/P'Li7 = 0.08

Mass ratios: m/'rltD - 2.72 x 10 - = 1/3670

(Tnt/rnD )1/2= 1.65 x 10 - 2 = 1/60.6

'n1,/'"T 1.82 x 10 - 4 
= 1/5496

('/ 1LT) 1/= 1.35 x 10 - 2 = 1/74.1

Absorbed radiation (lose is measured in rads: 1 ra(l = 102 erg g- The
curie (abbreviated Ci) is a measure of radioactivity: 1 curie = 3.7 x

1010 counts sec-Z

Fusion reactions (branching ratios are correct for energies near the cross
section peaks; a negative yield means the reaction is endothermic): 2

(la) D + D --- 7 T(1.01 MeV) + p(3.02 MeV)

(lb-- H He 3 (082 MeV) + n(2.45 MeV)

(2) D + T - He4 (3.5 MeV) + n(14.1 MeV)

(3) D + He 3 -*He 4 (3.6MeV) + p(14.7MeV)

(4) T + T - He 4 + 2n + 11.3MeV

(5a) He 3 + T- He4 ± p + ii + 12.1 MeV
51%

(51,) 43----- Hc"4 (4.8 MeV) + D(9.5 MeV)

5() --- H(2.4 MeV) + p(11.9 MeV)

(6) + + Li; -He 4 (1.7MeV) + He 3 (2.3MeV)
(7a) + ± Li 2 He 4 + 17.3MeV

2W%
(7b) B-----e' + mm - 1.6 McV

(8) D + LiG - 2ev + 22.4 MeV

(9) ) + 1311 - +3 11c 4 ± 8.7MeV

(10) i + Li c
' -11t (4(2.1 Me rv) + T(2.7MeV)

h1e total ('ross setio, in barns ;is a funciition of" E. the ene,,rgy in ke"

I)f the incident lmtrtile [the first, iou on the left. sille of El(s. (1) (5)].
,tssiiiiing the target ion at. rest. eatm be fit te( h 2 R

A., + [(A 4  A 3 E)2 + 1] A2

E(E) E [ex(AE-1/2 ]
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where the Duane coefficients $A-j$ for the principle fusion reactionis are -

as follows:

\ssk % BEGINNJING OF FIRST TABLE.

$$\vbox{\offinterlineskip\tabskip=s1pt\halign t'hze\I14thkpptplus

&\vrule#&\hfil$#$\hfil&\vrule#&\hfil1$#$\hifill\vrulek\,hfll$$' hfiI

&\vrul e#&\hf il$#$\hf il&\vrul e#\t absk ip= Opt\ cr \trule \tskc{7}{Opt}

I&{}$D--D${}I{}$D--D${}I{}$D--T${}I{$D--1e31{$T--T${}I{}$7--He-$3&\z'cr

* I&(1{\rm a})1(1{\rm b})[(2)I(3)I(4)I\null$(Sa--c)$\nuillk\cr-

\tskc{7}{2pt} \trule \tskc{7}{lpt} \trule \tskc{7}{2pt}

&A146.09-7147.88145.95189.27138.391123.1&\cr \tskc{7}lipt}
&A _21372148215020012590014+8111250&\cr \tskc{7}{lptj
&A-_314.36\timeslO-{-41I3.08\timeslO{-4111.368\tiesIO-{-2}

* l3.98\timesIO{f-3111.02\timeslO-{-3}IO&\cr\tskc{7}{1pt}
&A _411.22011 .177(1.07611.29712.0910&\cr \tskc{7}{tpt}

&A _510!C140916471010&\cr \tskc{7}{2pt} \trule}}$$

* \Msk

Reac-tion rates $\overline{\sigma v)$ (in cm$-3\,$sec$-{-11$), Iverlg,:d over

M'axw.ellian distributions:
\ssk % BEGINNING OF SECOND TABLE.
$$\vbox{'\offinterlineskip\tabskip=Opt\halign to\hsize{\vrule#\tabskip=3pt plus2pt

&\vrules&\hfil$s$\hfil&\vrule#&\hfil$g$\hfil&\vrule#&\hfil$#$\hfiI

&\vrule#\tabskip=Opt\cr \trule \tskc{6j{2ptl

t{\rrn T."perature}\hfilI{}$D--D${}I{}$D--T${}I{}$D--He$-3

\tcC~~pt}\triile ',tskcE3}{lpt} \trule \tskc{6}{2pt}

1i .t iC --22l1. S\trnesIO-f-21}1IiO-{-26}

-V-22} I 10 -{-281}t\cr \tskc{ 61f{1pt}
T,4t 1m- 10 -{ -2 1}126 \ t ime s10 -{ -1 C.I 11.4\t im e s10 {2 3}

0~- 1}l12, ~{-25}r10 -\c\r \tskc{E3}{lpt}

I .\ t 10{ -1811I.\ties 10--161.3.\tines 10~--191

0- -19}1 1 .2' tipns10{ f-201 t~cr \tskc{6}{ft

F >2\timfn-,I)- f-18}14 .2\,t imes 10{-16}I13. 8\timeso{- f-18}
* . ~10{-1} i26\trn~10~{I9}\cr\tskc{6}lpt}

0{--l 8 }17.3\timos 10- f-181P\cr \tskc{6}{Iptj

14. S mps~ 10{ 7 1 8-F.3\t imes 10- 16}I11. 6\times 10-161

\ti-10{-1}~rcr\tskc{3}{lptj

10 {7 q' .2\tim 10{-17 }t'.cr \ tskc{ 6}{ Ipt}I

1I C, c' .. t" '7 tkc{(S2pt} \t rii Ie} $$
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$$(\overline{\sigma v}L{ DDj=2.33\times 10Y{-14} T{ -2/3} \extd,-18.76T{-K-
\,{\rm crn}j3\){\rm sec}X'-i};$$

$$(\overline{\sigwa vl{-DT}=3.68\times 10{ -12} 7V{L-2/3} \exp(-19.94 T{< U

\,{\rmn cmjY3\,{\rm scV-}$

where $T$ is measured in keV.

tredskip

The power density released in the form of charged particles is

hskipe. B25truein D--T react'on,);

'\indent $;
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where the Duane coefficients Aj for th e principle flis.Moii rea(ctiol,, are ;. fulll,',

D--D D-D D T D-I) T T T ll'
(la) (1t) (2) (3) ( ) (5; t )

A 1  46.097 47.88 15.95 89.27 9,8.39 12 2. 1
-4 372 482 50200 25900 .1418 11 ,o

A 3 4.36 x 1) - 3.08 x 1()- 4 1.368 x 1()- 2 3.98 x 1()- 3 1.02 x 1()-'

A 4  1.220 1.177 1.076 1.297 2.09 ,

A5  0 0 409 647 0 '

Ic)wI ti(,l rateS (T, (il l .13 ,-1) axe I. kVC2gCd (VVL NI;IxWvC l II istrilbIt i,1, :

"[''Iir;tnr ie D D ID T D Ie 3  T T T c3

(ka) + I ) (2) (3) c)),

1.) 1.5 x 10 22 5.5 x 10 - 21 1 0 -2G 3. I- 1 -22 1 ",2,,.21 .).C1 ) ::

2.) 5.4 x 1()' 2.6 x -  1.4 x 1()- 23 7.1 x 1(01-2 10-21,

5.() 1.8 x 1()- !  1.3 x I1 G6.7 x 1X1- l ()-1 9  2.1 X

1). 1.2 x 10 - i  1.1 x 10 - "; 2.2 x 10 - t  7.2 x M- 1.2 x I - H

_ 5.2 x 1i -1.2 x D) - ";' 2.8 x 1( ' 2 . x M - x IF

0.1 2.1 x 10-' ,8.7 x In-ic 5.4 x 10-1 £ 7 x I1'- . x 10-"

1 4.5 x 1W - 17 8.5 x 1 - ' 1.6 x 1-'" 1.9 x 10 2.7 x I 1 7

200().) 8.8 x 10 ' 6.3 x i -' 2.4 x 10- (  4.2 x 10 9. 2 I -

5,0.0 1.8 x 11'- 3.7 x 10 -l' 2.3 x 1 0 -ic 8.4 x0 1 - .× 10-'
1 0)) '2.2 x 10 ' 2. 7 x 1()- 1 ' 1.8 x ] 0 -ic 8.0 x 101 .  1()I;-

F~I v1 (IIi2i(js (T <J2 keNV) the) (lt.a I18 (I; he IpI-ese Iitcd~ hIv
10 7 /3--1/3. 3 - 1

('[j 2.82:1 x I exp(- 18.76 T ('11 SC :

1- 2 /3 X11 3 -1(IT '))T .;S X 1 ) - -1 S 0 C-19.94T - 
(,i '

WI' ) 1' is llU'Bl 1ii, 1 iiiH krN .

'l l ,' t, , ,' .r ,] ' ~ v r,.l,,;,,., Ml t h ,t ', ( d ') r / , p1; fil' s IS .

')l) I H.2 1 3 t13 2' (Tn )[) \;tt. li
- 3  (ilircmlilo . ti .-. 11lSI'1IelI.

P j) "1 rx. 'l 1. ")l ':'(T J '. %;: tc

X 1 •2 -1 : , --I t ('It I

1 __ . / - 102 -2:
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\centerline{\headfont RELATIVISTIC ELECTRON BEAMS1 -

\medskip

\indent

Here $\gamma = (1-\beta-2)Y{-1/2}$ is the relativistic scaling factor;

quantities in analytic formulas are expressed in SI or cgs units, as indicated;

in numerical formulas, $I$ is in amperes (A), $B$ is in gauss (G), electron

linear density $N$ is in cm${ -1}S, and temperature, voltage and energy are

in MeV; $\beta-z = v-z/cS; $k$ is Boltzmann's constant.

\medskip

Relativistic electron gyroradius:

$$r-e={mc-2\over eB}(\gamma-2 - 1)-{1/2}\ ({\rrn cgs})=

1 .7O\timesO3(\gamma2-1Y{ 1/2}B{ -1}\,{\rm cmjt$$

Relativistic electron energy:

t$Wk=mc-2\gamma=O.S11\gamma\>{\rm MeV}.$$

Bennett pinch condition:

$$P-2=2Nk(The+Thi)c-2\ ({\rm cgs}>=3. 20\timeslY{ -4)N(T e+T.i)\\rm A-2.$$

Alfv\len-Lawson limit:

$$K-A=(mc3/e)\beta.z\gamma\ {\rm (cgs~lk(4\pi mc/\mu-0Oe) \bet a-z\gamma\ {\rm

(SI)}=1.70\timeslc-4\beta-z\gamma\,\rmkA.$$

The ratio of net current to $K-A$ is

$${I\over I-A = {\nu\over\gamma}.$$

Here $\nu=Nr-e$ is the Budker number, where $r-ee-2/mc-22.82\times1Y-

{-13}\,$cm is the classical electron radius. Beam electron number density is

$$n-b = 2.OB\times 10-8 J\betaN -1}\,{\rm cml>{-3},$$

where $J$ is the current density in A\ts cm$V{-21- For a uniform beam of

radius $a$ (in cm),
Sta _b=6.63\tameslO-7 I a{ -2}\beta{ -1}\,\rm cmj>{-3-,$$

and

$${2r-_e\over a}={\nu\over\gamma}.$$

\'.'il\eject\end
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RELATIVISTIC ELECTRON BEAMS

Here -' = (1 - 032)-1/2 is the relativistic scaling factor: (Ilanltit ies
in analytic formulas are expressed in SI or cgs units, as indicated: in
numerical formulas, I is in amperes (A), B is in gauss (G). electrii
linear density N is in cm 1

, and temperature. voltage aIlld ell(.l',y aLr iii

MeV; 13, = v,/c; k is Boltzmanns constant.

Relativistic electron gyroradius:

,- (7 - 1)1/2 (cgs) 1.70 x 10 3 (-y2  1) 32 B' Ciii.

eB

Relativistic electron energy:

w = 0c2 -y =.511-f MeV.

Bennett pinch condition:

12 = 2Nk(T + Ti)c 2 (cgs) = 3.20 x I0-4N(T + Tj)A2 .

AlfvoCn-Lawson limit:

1.. - ( cn3 /C)3: _y (c gs) - (4,7rC/IL C)/ 3 -y (SI) - 1.70 × 1() /U y A.

The ratio of IIet cun rrenIt to 1.4 is

,IA -y

Iere v - NY-, Is the Budker nuiliber. where r c /,fl - 2.,S2 x

1 - 13 ('111 is the classical cit ctroii radius. Beam electron ililii)he' (liisitV"
Sis I

2. 08 x I)s J13 ci
- 3

where .1 is the (cilrliit. (lesity in A cin- 2 . For aL uniforun beani (f i;tills"
u (iin (l).

= 6.63 x 10()1( -2/1 - 1 c1-3.

a. ;tll(l

2 r,
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Child's law: (non-relativistic) space-charge-limited current density between

pa-a" tei plates .rith voltage drop $.$ and separation $d$ (in cm) is
$!J-2.34\times 10-3 'V{3/2}d-{-2}\,\rm A\,cm-{-2}.$$
xsmalIskip

:.e saturated parapotential current (magnetically self-limited flow along

ec-:\-potentials in pinched diodes and transmission lines) is$'{29}$
'.-:T 3.5timesO-o3Ghgamma \ln\left[\gamma+(\gamma-2-1){1/2}\right]\,,rm A,$$

$S$ is a geometrical factor depending on the diode structure:
_ala!skip

,ia Ign{\quad#\hf il\qquadk#\hf il \cr

:eript\hbox{$\displaystyle G={w \over 2\pi d}$}

tffor parallel plane cathode and anode \cr

4.77 t}
f w:dth $w$, separation $d$; \cr

~',In {R_2 \,over R1} \right)-{-1}$ &for cylinders of

$R1:_ (-nner) and $R_2$ (outer); \cr
ot ai.~nt.vskip2pt}

-... ept' cbx{$,display style .={Rc \over d-0}}

doir con.cal cathode of radius $R-c$, maximum \cr

wF-naration $d_"T (at $r:R-c$) from plane

an: e . ,cr

beta\toO ('.garma\,tol)$, both $IA$ and $Ip$ vanish.

condition for a lingitudinal magnetic field $B-z$ to suppress

filamentation in a beam of current density $J$ (in A\ts cm$-{-2}$) is

S-sallskI p\nointerI inekip
T,? z > 47 \beta z(' -oa )-{1/2}\,\rm G.$$

" Le rec -tered by Rogowki coil of minor cross-sectional area $A$, $n$

":,Ils, major radiu. $a$, inductance $L$, external resistance $R$ and
•:tance $C$ (all in SI):

{ [ :,:' al rn{', ou-de\,hfil\qauaa\qcjuad :$$\hfil \cr

-- 1:aly integrated &:V=(i/RC)(nA\s.uOI/2\pi a); \cr
,,-,iso' \ooallckxpl-

. . .- ':,.g & (R,/L)(nA\,mu _ I/2\pi a) = RI/n. \cr}}$$

*-ay r-,ct'r target with average atomic number $Z\;$ ($V \,approxlt

-:; - klt" : er! neok'p

v -ea o:er\,tmeslO{-4} ZV.$$

.- , a* 7 "- . . . .y , '.. ",add.--,: a e a, ep:o ot ng total _-..arge $<$.
rMat. eraa witi chars, o'r t e $Z$:

' -x ':. . : Ci r1 n, r . $
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Child's law: (non-relativistic) space-charge-liliited cur ent density be-
tween parallel plates with voltage droIp V an(l sel)aration d (ill (-i1) is

4% J = 2.34 x 10)3V /d - - A c--

The saturated parapotential current (magneti(cally seif-liinite(d fl(w almi,%
equipotentials in pinched (liodes and transmission lines) is 2 9

I,, =8.5 x 10 3 Gyln [7 + (2 - 1) 1 / 2 A.

where G is a geometrical factor depending on the (lio(le structuire':

w for i)arallel plane cathode and anode

2 7r d of width 'u,. separation d:

G= In . for cylinders of radii R, (inner) and R (,1te(r):

R. for conical cathode of radius ]2.. naxi il1111

(10 separation do (at r= ?,.) froim )laue a,,(e.

For /I -, 0 (y -- 1). both I.- aiid I, vanish.

Th(' codition for a longitudinal magnetic field B. to suppress film nii'-
t;ti,,i Ili a beaii of current density .1 (in A ci-2 ) is

B: > 47/1z(J,)1/2 G.

Vo lt age registered by Rogowski coil of ininor cross-section al area A. n
turils. major radius a. iii(luctance L. external resistance R? mid ('l),cji-
rilice C (all in SI):

(xternally iintegrated V = (1/lC)(niA/p,) 1/2(r): .

self-integratinig V = (R/L)(tApo 1/27ia) RI/t.

X-rmy prod(luction. ta.rget with averag( atmnic imi bler Z (V 5 5N1,'\

r/ =- x-ray ipwer/beam 1)()wv(r = 7 x 1-1 Z V.

X-ray dlose at, I meter geiler;Ite(, by all ,,-,e;alii delm).sitiig total c'larm4( (Q
(()ll,,lil)s while V > 0.84V,,,, in miate.ria.l with ('harge stite Z:

DI 150 2 .(Z 1 2 ras.
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\centerline{\headfont{BEAM INSTABILITIES}$- {3O1$}

\bsk ' BEGINNING OF TABLE.

\vbox{\tabskip=Opt \offinterlineskip \halign to\hsize

* {\strut#&\vrule#\tabskip=3pt plus3pt minus2pt&#'\hfil&\vrule#

t$#$\hf ilk,\vrule#&#\hf ilk\vrule#\tabsklp=Opt\cr ' trule \tska{3}{3ptl

I\hfil Narnel\om\hfil Conditions\hfill\hfil Saturation Mechanisin&\cr

* \tska{3}{3pt} \tru'le \tska{{pt} \trule \tska{3}{3pt}

I Electron-I Vd\ov{Vl_e},\; j=1 2 1Electron trapping until &\cr

*I\quad electron I \omI \quad$\ov{VjKfejsim V-d$&\cr \tska{3}{6pt}
* Bueman~d>(~m)~1/3}ov{V IElectron trapping until&\cr

\om IV d>\ov{V}e eI\quad$\cv{V}'\cim V d$&\cr \tska{3}{6pt}

I Bem-nlaa IV-b> (np./n_1){ '39 1:V _ITrapping of beam electrons&\cr
\ tsk a {3 } 6 p t

Yeak ea- b(n nb {.3 _ lu :u ror nonlinear&\cr

\quad plasma! Io 'quad (cecoupling)&\ cr 'tska{ 3}{6pt}
Eemplsa o{Ve'.b .c{~}h~uslieror nonlinear&\cr%

I\quad (hot-electron)\m~r&c \tska{3}{6pt}
l'on acoustic!T_ e\gg T_2\;KggC-sJ~uasilinear, ion tail form-&\cr

I\oml\.oml\quad ation, nonlinear scattering,&\cr

I\oml\oml\quad or resonance b.roaderning.&\cr \tska{3}{6pt}

IA n isotrop c I Te\ perp})>2T e',paral lel I IIsot ropizat ion&\cr \bs~lpt}

I\quad e erteJoIo Cc

* I\quad (hydro) I\o)m1\1om&\cr \tska{3}{6pt}

13on cyclotron.d'0'v{'}L ({\rm forIIcn heating&\cr

\om1\om\hfil$Te\approx Ti)$!\omk-\cr \tska{3}{6,7t}

Beam-cyclotron I V-d>C-s 1 .sonance broadening&\cr

\quad (hydro)1I\omI\omt or \tska{3}{6pt}
I Modif ied tw~o- I Vd<(b Y1/2VA, ITraping&\cr

I l\quad st ream, (hy;r~ 7, _ >C- I s\om&\cr \tska{ 3}{6pt}
Ion-inn (esciai 1'!,2(1 .ta){1 /2}V-A I Ion trappingt\cr

I quad beamrs)'r \c: 7 *, or

I :D-ion ( -quail I'1< 2Cs I Ion t rnpn)11n '\.Cr

na b. ms a ;m 1 ~ ~ c \tri3{3t erl

48a
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r-vr WM IM-I L V2 '1V -L %r 4

BEAM INSTABILITIES 3 0

Name Conditions Saturation Mechanism

Electron- Vi > Ve), j=1, 2 Electron trapping until
*electron Vj-Vd

Buneman Vd > (M/rn) 1 /3V~r, Electron trapping until
Vd > V 'Ve -Vd

Beami-plasm-a Vb > (,np/nb )1/3Vfb Trapping of beam electrons

Weak beam- Vb < (np/nb )1/3 Vb Quasilinear or nonlinear
p~lasma (mode coupling)

Beamn-plasma V~> Vb > 'Vb Quasilinear or nonlinear
(hiot-electron)

Ion acoustic T, >~ T', Vdj C~ Quasilinear, ion tail form-
ation, nonlinear scattering.
or resonance broadening.

Anisotropic T,_ > 2T, 11  Isotropization
temperature
(hydro)

l on cyclotron Vd > 2OVri (for Ion heating

Bea!;III-CyClotron V/4 > C8, Resonance broadening
(hydro)

Modified two- V,, < (1 + /3)1/2144. Trapping
st eani(lhydro ) Xjj > C,

101-ion (equal U < 2 (1 + /3)1/2 V.1 Ion trapping
Ibeallls)

Ioul-ioul (equal U < 2C, Ion trapping
b) amis)

For uuouueuclatmr e, see p). 50.
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\input prolog \pageno=49
\voffset=1.Otruein\hoffset=0.25truein\vsize=9.Otruein\hsize=6.5truein
\vbox{\tabskip=Opt \offinterlineskip \def\ds{\displaystyle}

%. HERE, \ds IS USED FOR 'DISPLAYSTYLE'.
\halign t o\hs ize \ strut #&\vrul e#\tabsk ip=3pt plus3pt minus 2pt&#\hf il&\vrul e#
&\hf il$#$\hfil&\vrule#&\hf il$#$\hf il&\vrule#&\hfil$#$\hf il&\vrule#
&\hfil$#$\hfil&\vrule#\tabskip=Opt\cr\trule

\om&height3pt&\oml \multispan7&\cr
i\om1\multispan7\hfil Parameters of Most Unstable Mode\hfil&\cr
\om&height3pt&\onl \multispan7&\cr
\oml\om&\multispan9\hrulefill\cr \tska{5}{2ptl \bs{O.7Sex}

% THIS USE OF \hrulefill IS MORE GENERAL AND ELEGANT IN MANY CASES
/THAN THE 'HARD-WIRED' \hrule USED UNDER 'Dimension' ON PAGE 10.

I \hf il\raiselex\hbox{ Name I \omlI\omlI{\rm Wavel I{\rm Group}&\cr
I\oml{\rm Growth\ Ratell{\rm FrequencylI{\rm NumberlI{\rm Velocityl&\cr

- \tska{5}{2pt} \trule \tska{S}{lpt} \trule \tska{5l{2pt}
I Electron- I\ds{1\over2j\omegae10a1\dsO. 9{\omegae\over V-dlI 0&\cr \bs{sptl

I\quad electronl\oml\oml\oml\om&\cr \tska{5}{2pt}
1Buneman1\ds0.7\left({m\over M}\right){l1/3}\omegael
\dsD.4\left({m\over M}\right){ 1/3}\omega-el\ds{\omega-e
\over V d} I\ds{2\over3jVd&\cr \tska{S}{2ptl

I Beam-plasmalI\dsO. 7\lef t ({nb\over n-p}\right){1/3\omega-e I\om$\omega-e-$
\hf ill \ds{\omega~e\over V..b} I\ds{2\over31VWb&\cr
I \om I\omlI\om\hf il$\dso. 4\lef t (f{nb\over n-p}\right) -f1/31\omega-e$l
\oml\om&\cr \tska{5}{2pt}

Weak beam-l\dsfnb\over2n-p}\left({V-b\over\ovV-b}\right)-2\omega-e

I \omega-e I \ds{\omega-e\over Vb} I \ds{3{\ov{V~e}2\over V b}&\cr \bs{6ptl
I\quad plasmal\oml\oml\oml\om&\cr \tska{Sl{2pt}

IBeam-plasma1\ds\left({nb\over np1\right){f1/2}{\ov{V1_e\over V-b}\omega-e

I \ds{W-b\over\ov{Vl-e}\omega-elI\lambdaD{-1} IV-b&\cr \bs{Spt}
)\quad (hot-electron) I\oml\oml\oml\om&\cr \tska{5l{2pt}

Ion acousticl\ds\left({rnlover M}\right){ 1/2}\omega-il\ds\omega-i
I\lambda _D{ -1}IC nF\cr \tska{5}2ptl

I AnisotropiclI\Cmegn-e oregae\cos\theta\sim\omega-eIr-e{f-1 I
\ov{V1_j>\perp1&\cr \bsflptl

I \rnad temperatulre I\omlI\omlI\omlI\om&\cr
Il\quad (hydro) IL\omlI\omlI\om I\om&\\cr \tska{5}{ 2pt}

1* ~ IlKI cclo--tronlO.I>,Omega-ill.2\ome-gailr_ i-{-1}I\ds{1\over3}\ov{V}Ai&\cr

* \tska{5l}{2ptl

I Peam- cyclotron I\dsO. 7\Omegae eI\ds n\0mega e10.7

\!im1rnbnD{-1I\apjproxgt V- _d&\cr \bs~ipt}

l\quac! (h ydr o) I \omlI\om I\ oml1\ apprc.xlt Cs\ph ;}1&\ cr \t ska{ 51 2pt}I

IMrcd~fieI tw4o-l\ds{I\over2}\Omega.AiJ\dsO.9\Omega-HJ\dsl.7

{\Omega~ H\over V d}I\ds{1\over2)V d& \cr \bs{Spt}
1\quad strearnl\om1\om1\om1\om&\cr
1\quacd (hydro)lI\omlI\nmlI\omlI\om&\cr \tsWa{5}2pt}

Ion-ic:n (equall0. 4\ OmeriIOi01\ds1. 2\OmegaH\over U}I 0&\cr \bs{4pt}
I \quad heams) I\om I\orrnI \om I\omn9;\cr \tska{S}{ 2pt}

l Ion-lon (eq al I Vlc. 4\omega..i101\dsl.2f\omega-.i\over U1}I0&\cr \bs{4pt}
I ', i cid er)~r~m~m~m~r\tska{5}{2pt}\trule)}

For nomenclature, see p. 50.
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Parameters of Most Unstable Mode

Name Wave Group

Gr)wth Rate Frequenicy Number Velocity

1 w

Electron- - 0 0.9- 0
electron 2V

(i 1/3 (r\1/3 U.)
Buneman 0.7 M / w( 0.4 w V -Va

" m VI 3

Beam-plasma 0.7 w We - W
np V1, 3

0.4 (- 1w

nb V 2w 3 V2
Weak beam- we W(

plasma 2np Vb Vil

(fb\ 1/2 Ve V1)
Beam-plasma Ae W Ab

(hot-electron) P) Vb

Ion acoustic () wi wi AD 1  Cs

Anisotropic LWe cos 0 Q r -  V
I ttemperature

(hydro)
-1 1-

Ion cyclotron 0.1l2i 1.2Q -Vi
3

Beam-cyclotron 0.7Q ,nQ 0.7A D > v
(hydro) < C,

1H 1
Modified two- -2 H  0.9QH 1.7- - VIstream 2I

(hydro)

lon-ion (equal 0.42H 0 1.2') QH 0
beaflis) U

Io-ion (equal 0.4wi 0 1.2 0i
lwamis) U

For nuomenclature. see p. 50.
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\input prolog \pageno=50

* \hoffset=1.25truein\voffset=1.0truejn\hsize=6.Otruein\vsizez9.Otruein\lndent

* In the preceding tables, subscripts $e$, $i$, $d$, $b$, $p$ stand for
* ''telec\-tron,' ''ion,'' ''drift,'' ''beam,'' and ''plasma,'' respectively.

Thermal velocities are denoted by a bar. In addition, the following are used:

\halign {$#$\hf il\quad&#\hf il\quad&$#$\hf il\quad&#\hf il \cr
mn &electron mass &r_ e r-i &gyroradius \cr

M &ion mass &\beta &plasma/magnetic energy \cr

V &velocity l\quad density ratio \cr

T &temperature &V-A &Alfv\'en speed \cr

n-e, n_ i &number density &\Omega-.e,\Omega-j. &gyrofrequency \cr

n &harmonic number &\Omega-H &hybrid gyrofrequency,\cr

Cs=(Te/Mt l/2} &ion sound speed l\qua: ${\OmegaH1-2=\0megae\Omegaji$ \cr

\omega-e, \omega-i &plasma frequency &U &relative drift velocity of \cr

\lambda-D &Debye length I\quad two ion species \cr} \bsk

\centerline{\headfont LASERS} \msk
{\headfont System Parameters} \ssk

Efficiencies and power levels are approximately state-of-the-art (1987).${ 311'\ssk

\vbox{\offinterlineskip \tabskip=Opt \halign to \hsize{

* \vrule# \tabskip=3pt plus 2pt minus2pt&\strut #\hfil

&\vrule #&\hfil#\hfil &\vrule #&\hfil#\hfil

&\vrule #&\hfil#\hfil &\vrule #&\hfil#\hfil

?t\vrule #\tabskip=Opt\cr\trule

height 2pt&\oml\oml\om[\multispan3 &\cr

* &\oml\oml\oml\multispan3 Power levels available MW &\cr \bs{6.spt}

&\hfil TypelI$\displaystyle{\rm Yavelength\atop(\mu m)}$1Efficiencyl\om

ft ? \oi&\omk\cr \bs{Bpt}

&\om l\om l\om\t absk ip= Opt I\milt is pan3&\cr

* \noalign{\vskip-O.4ex \roveright3.2lstruein \vbox{\hrule width2.79truein}}

\tskc{5j{3pt} &\oml\oinl\omiPulsed1CY&\cr

ft \tskc{51{3ptl \trule \tskc{S}lipt} \trule \tskc{5}{2pt}

&CO$-2$I11O.610.01--0.021$>2\times1O-{13}$l$>10-5$&\cr
* &\omnl\oml (pulsed) 1\oinl\om&\cr \tskc{5}{lpt}

'C I S1. 4!$> 10 -'$$ >'0$\cr \t skc51 1pt}I
O'linum2.060.031$>10-7$130&\cr \tskc{5j{lpt}

Cl-dinel .3l5IO.0031$>10-{12}$I--&\cr \tskc{5}{lpt)
t'id-glass, (1.061O.0O1--0.061$\sim 10-{14}$11--10$-3$&\cr

&x\quad YAG1\omI1.oml (10-beamT system) I\amr&\cr \tskc{S}{lpt}

&,\quad cen'cerl\oml\oml\oml\oin&\cr \tskc{S}{lpt}

ta{f*OPIO.7--0.9110${-3$$)6$1 &:\cr \tskcs}{lpt}

0. 0 431 <10~ -3} I~i~ {i0 t I &\c \tskc{5}{lnt}j

I~el .632 I10$ {-4} I-- 1--5 $\ti nes10-4$1\c \tsk {5} lpt

N ihhx*Tiable E11 rcn\~":~hc} l F TABLE.

*Y AC stands for yttir 12--Allrniimn Oarin t and rOPO fo-r Opti cal Pnrametric

O)cillator.
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In the preceding tables, subscripts e, i, d, b, 1) stand for -electroi."
- ion, "drift," "bearn,' and "plasma," respectively. Thermal velocities
are denoted by a bar. In addition, the following are used:

electron mass IrC, r gyroradius
A ion mass f3 plasma/mfagnetic energy
V velocity density ratio
T temperature VA Alfvdn speed
n.. ni number density Q,, £ gyrofrequency
n harmonic number Q2H hybrid gyrofrequency.

SC, = (T,/M) 1 / 2 ion sound speed 2H- "-

we.Wi plasma frequency U relative drift velocity of
. AD Debye length two ion species

LASERS

System Parameters

Efficiencies and power levels are approximately state-of-the-art (19S7).

Wavelength Power levels available (W)Type Efficiency
(lm) Pulsed CW

CO 2  10.6 0.01--0.02 > 2 x 1013  > 105
(Iulsed)

CO 5 0.4 > i0 9  > 100

Holmimn 2.06 0.03 > 107 30

- Iodine 1.315 0.003 > 1012

Nd-glass. 1.06 0.001 0.06 "10)ol 1 10 3

YAG (1 0-beani system)
*Color 1-4 1(1 3  > 10 1

cenlter

) ( ) 0.7 0.9 10- 3  10 6  1

I3 11 y 0.6943 < 10 - 3  10 1 ( 1

IIe-N, 0.6328 10 -  1 50x 1-3

•Ar-mi ion 0.45 0.60 10 - 3  5 x 104 1 10

IN 0.3371 0.001 0.05 10' 10G

* Dye 0.3 1.1 10 -  > 100 1-40

Kr-F 0.26 0.08 > 109

X,'non 0.175 0.02 > 10
*TluaI la)l sol I'C(s

YAG stani(s for Ytt.rium AliiIIIIIIi I Garniet ain( ()l () fo)r ()ltir'l l).,i;,-
In ,t ri" O sc'illato.,r.
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{\headfont Formulas}
\medskip\indent
An e-m wave with {\bf k} $\parallel$ {\bf B) has an index of refraction
given by

$$n-\pm = [1-\omega_{pel>{\ph{1}2}/\omega(\omega\mp\omega_{ce})]{1/2,$$

where $\pm$ refers to the helicity. The rate of change of polarization
angle $\theta$ as a function of displacement $s$ (Faraday rotation) is given

by

$$d\theta/ds = (k/2)(n_{-)-n_{+})=2.36\times 10-4 NBf-1-2}\,{\rm cm}'{-1),$$
where $N$ is the electron number density, $B$ is the field strength, and

$f$ is the wave frequency, all in cgs.

\smallskip\indent
The quiver velocity of an electron in an e-m field of angular frequency $\omega$

is

$$vO=eE_{\rm max}/m\omega=25.6 I-{l/2}\lambdaO\,\rm cm\,sec-1}$$

in terms of the laser flux $I=cEj\rm max}-{\ph{\mu}2}/8\pi$, with $I$ in

watt/cm$-2$, laser wavelength $\lambda-O$ in $\mu$m. The ratio of quiver

!, energy to thermal energy is

* $$Wf{\rm qu}/tK{\rm th}=mte{vO}-2/2kT=1.81\timeslOM{-13} {\lambda-01-21/T,$$

where $T$ is given in eV. For example, if $I=10-{15}\,$W\ts cm${-2$,

$\>\lambdaO = i\, \mu$m, $T=2$\ts keV, then $W_{\rm qu}/W_{\rm thlAapproxO.1$.

\smallskip\indent

Pondermotive force:
$$\hbox{{$\cal F$}\kern-O.74em{$\cal F$}}=N\nabla\langle E-2 \rangle/S\pi N-c,$$

where

$$N-c=1.l\times 10-{21} {\lambda_01-{-2} {\rm cm}'{-3}.$$

\indent

For uniform illumination of a lens with $f$-number $F$, the diameter $d$

at focus (85\% of the energy) and the depth of focus $1$ (distance to first

zero in intensity) are given by

$$d\approx 2.44 F\lambda \theta/\thetaD){\rm\quad and \quad~l\approx\pm2
F2',!orbda\.theta/\theta_{DL}.t$

Here $\theta$ is the beam divergence containing 85\% of energy and

$\thetajDL}$ is the diffraction-limited divergence:

T' \th\ta - 2. 44\ inrdb /b ,$$

vh-re $bI i5 the aperture. These formulas are m)dlfied for nonuniform (such

as ?aassian) illuinat~on of the lens or fnr pathological laser profiles.
t'fil\,ejrct

\ 
enId
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Formulas

An c-m wave with k B has an index of refraction give by

n+=[1 - ca1 /w(ca :1 o,) 1 2 I

where ± refers to the helicity. The rate of change of polarization angle
0 as a function of displacement s (Faraday rotation) is given by

-2
=

dO/ds = (k/2)(n_ - n+) = 2.36 x 10 4NBf 2 cu111

where N is the electroni number density. B is the field strength. and f is
the wave frequency. all iin cgs.

The quiver velocity of aii electron in an e-ni field of angular fre-
quency w' is

10"- eExnax/'nw = 25 611/2A0 cm sec -
'12 /8r Wi' ll W Ltt/002.IS

iin terms of the laser flux I = cE,2x/82, with I in wat.t/cm laser
wavelength A0 in itm. The ratio of quiver energy to thermal energy is

20 2

%. WCu1 /Wth = mevo-/2kT = 1.81 x 10 - l3 A 0 I/T.

where T is given in eV. For example, if I = 1 0 1s Wc 1 - 2
. o = 1 pm.

7' = 2 keV. then W(lu/ 1//Vth - 0.1.

Ponderniotive force:

T" = NV(E 2 )/87rN,.
, whe're

N,. = 1.1 x 1021 A- 2 cm - 3 .

For iiniform illumi nation of a lens with f-limimber F. the diameter
d at. focus (85X of the energy) and the d(Iep th of focus 1 (distance to first.
Z1(ro in intensity) are given by

,d 2.44FAN/NDL aild I - ±2F-AP/ODL.

li lre 0 is th' 1) (,a div(rgen ce containing 85% of energy and t9DL is tl
diffraiction-lilixited divergence:

19DL = 2.44 A/1,.

where b is the al)eirtiln. 'Fhiese formula;s are modified for noniil'iirmi
(s1ch as Gamissia i) iHliimiimat.iomn Of the leins or for pathological laser )r)-

files.
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\parskip=5pt
\centerline{\headfont ATOMIC PHYSICS AND RADIATION}

\bigskip\inndent

Energies and temperatures are in eV; all other units are cgs except where

noted. $Z$ is the charge state ($Z=O$ refers to a neutral atom); the subscript

$e$ labels electrons. $N$ refers to number density, $n$ to principal quantum
number. Asterisk superscripts on level population densities denote local

thermodynamic equilibrium (LTE) values. Thus $Nn\hbox{*}$ is the LTE number

density of atoms (or ions) in level $n$.

Characteristic atomic collision cross section:
$$\pi {a_0}-2 = 8.80\times 10-{-17}\,{\rm cm}-2. \leqno(l)$$
Binding energy of outer electron in level labelled by quantum numbers Sn, 1$:

$$E-\infty-Z(n,l) = -{VZ2Ej\infty-H \over(n-\Deltal)-2}, \leqno{(2)}$$
where SE_\infty-H = 13.6\,{\rm eVI$ is the hydrogen ionization energy and

$\Delta_ 1 = 0.7511{-5}$, $1 \approxgt 55, is the quantum defect.

\medskip

{\headfont Excitation and Decay}

\inndent
Cross section (Bethe approximation) for electron excitation by dipole allowed

transition $m \rightarrow n$ (Refs. 32, 33):

$$\sigma_{mn} = 2.36 \times lO{-13}{f_{nm}g(n,m) \over \epsilon \Delta

E_{nm}}\,{\rm cmP-2, \leqno{(3)}$$

where $f_{nm}$ is the oscillator strength, $g(n,m)$ is the Gaunt factor,

$\epsilon$ is the incident electron energy, and $\Delta E_{nm} = E n - E-m$.

Electron excitation rate averaged over Maxwellian velocity .istribution,

i _ {mn} 11-e \langle \sigma_{mn}v \rangle$ (Refs. 34, 35):

1tX_{a} .1.\timeslO-{-S}{f_{nm}\langle g(n,m)\rangle N_ e

er \Delta E {nm} The-{l/2}}\exp\left( -{\Delta E.{nm} \over T-e}

, ) ,,rm sec}{-l}, \leqno{(4)}$$
where Vlangle g(n,m)\rangle$ denotes the thermal averaged Gaunt factor

(generally $\sim 15 for atoms, $\sim 0.2$ for ions).
f 1f l ', ~c t', end
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ATOMIC PHYSICS AND RADIATION

Energies and temperatures are in eV; all other units are cgs except
where noted. Z is the charge state (Z = 0 refers to a neutral atom);
the subscript e labels electrons. N refers to number density, 'n to princ,-
pal quantum number. Asterisk superscripts on level population densities
denote local thermodynamic equilibrium (LTE) values. Thus N,,* is the
LTE number density of atoms (or ions) in level n.

Characteristic atomic collision cross section:

7(1) ra 0 2 = 8.80 x 10 7 C,2

Binding energy of outer electron in level labelled by qpiantini iiiinibers
ii., 1:

Z 2 H

(2) E Z (n,. 1) = ,
(n - )

where E = 13.6 eV is the hydrogen ionization energy and A1 = 0.75/-.
1 _ 5. is the quantum defect.

Excitation and Decay

Cross section (Bethe approximation) for electron excitation by dipole
;dlowed transition in, t (Refs. 32. 33):

2.36 x 10- 13 c 2
FA Ell in

wh,ere f.. is the oscillator strength. g(n. i) is the Gaunt factor. F is the
111(i nl,,t e(1(ctron energy. and AE,, = E, - E,?.

t1-1ctron excitation rate ave, aged over Maxwellian velocity distril)ution.
X.... . = N. (a,,v) (Refs. 34. 35):

1) X,,,, = 1.6 x 1O- f (f?(In  rI1) N  ( AE,, -M C
AE, T, 1// 2  T',,l sec

w'wre (.q(n. I)) Idenotes the therimal averagel Gaunt fac t+or (generially 1
for atomis. 0.2 for ions).
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Pate for electron collisional deexcitation:

$SYj nm}<{tm\hbox*/%n\hbox*)X-.mn}. \leqno{(5)}$$
Here ${Nm}\hbox{*}/{Nn\hbox*t gm/g.n) \exp (\Delta E_ nm}/Te)$ is the P

Boltzmann relation for level population densities, where $g-n$ is the

statistical weight of level $n$.

Pate for spontaneous decay $n \rightarrow m$ (Einstein $A$ coefficient)SNS4-$

$ArInm}=4.3\tirnes10-7 (gn/gjn)fi nm}(\Delta E_ nm}Y2\,{\rm secP{ -1}.

\leqno{(6)}$$

Intensity emitted per unit volume from the transition $n \rightarrow m$ in an%

oa\-tic\-ally thin plasma:

$$K_ nm=1.6\times 1OMf-19}A_{nmI%n\Delta E_ nm}\, {\rm watt/cml>3. \leqno{(7)s$

Ccndition for steady state in a corona model:

$';OJe \langle \sigmaj Onlv \rangle =NnAnO,\leqno{(8)}$$

-here the ground state is labelled by a zero subscript.

Hence for a transition $n \rightarrow m$ in ions, where $\langle g(n,0)\rangle

\approx 0.2$,

$$I_ nm} = S.1\times 10-{-25}{f_{nmjg_0 N-eN_ 0 \over g-m Te{1/2}}

\left({\Delta Ejnm} \over \Delta E_{no}} \right)-3 \exp \left (-{\Delta

E_ no} \over T-e} \right )\,{{\rm watt}\over{\rm cm>-3}. \leqno(9)$$
>'medskip

{\headfont Tonizacii and Recombination}

inndent
7a general time-dependent situation the number density of the

sharse state $Z$ satisfies

".()\oerdt} = 11-e \bigF -S(Z)N(Z) - \alpha(Z)N(Z) Nleqno(10)$$

$t\cqud\qquad\qquad + S(Z-1)N,(Z-1) + \atlpha(Z+1)N(Z+1 )\big].$$

Here $S(Z)$ is the ionization rate. The recombination rate $\alpha(Z)$

"ai the form $\alphia(Z=\nlphtr(Z)+Nl-palpho 2,(3)$, where $\alpha-r$ and

na 'ha-_3$ ore the radiative and thre-e-body reco)mbinat ion rates, respec t , ' n'!

5 3a
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Rate for electron collisional deexcitation:

(5) Y ,, ,I = (N.., */N, *)X

Here N,..*/N,*= (g,,/g,, )exp(,E*,,,T) is the Boltznann relation for
level population densities. where g,, is the statistical weight of level 1."

Rate for spontaneous decay n -- . (Einstein A coefficient)34

(6) A,, 4.3 x 10'(g,, /(AE )f, (E )2 -1

Intensity emitted per it volume froin the transit ion. 'm in an )t i(-
ally thin plasma:

(7) I,,, --- 1. x 10- °A,, ,,, Nil A N Eli... watt, CIII.

Conlition for steady st ate iII a cor'oia 111odel:

(s) N, N, (7-),, i,) = N,, Al l()

wh Iir thIe grolln(d state is label1ed by a zero sobscrilpt.

Iff.iice for a transition f - /it in ions. where (q( n. 0)) 0.2.

x 10 3nT" 1/2 (AE110 ) I )
Ionization and Recornbination

Ini a genevral tiii-dt'poleIut sitluation the iui"iuiht'r (l'itY of 01c
'Ii ; t, state Z .'tisfies

I 1d(Z) --N, S(Z)N(Z) - (i,(Z)N(Z)

+S(Z - 1)N(Z - 1) + n(Z + 1)N(Z + 1)].

t,'i,' HZ) is the ionizatin rate. The recomblination rate ,((Z) has the
'r, 't1( z ) = ,.(Z) 2 \, (, 3( Z). vhere (i,,. ;LInl 03 ;1.'r, thW' roliativ , ; (l
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Classical ionization cross-section$-{36}$ for any atomic shell $3$
; .:\sgrti 6\timesl10{-141 bjg~j(x)/t.Lj}2\,{\rm cm}-2. \leqno{(ll)}$$

::ere $b-j$ is the number of shell electrons; $E-j$ is the binding energy

: f the ejected electron; $x=\epsiloni/U-j$, where $\epsilon$ is the incident

* electron energy; and $g$ is a universal function with a minimum value $g {\,in}

* \approx 0.2$ at $x\approx4$.

* ~ionization from ion ground state, averaged over MaxwelJlian electron
distribution, for $0.02 \approxlt T-e/E-.\infty-Z \approxit 100$ (Ref. 35):

$$S(Z) =10-{-S}{T~e!E_.\infty-Z){1I/2} \over (E.\infty-Z)-{3/2} (6.0 + T_ e!
* ~ E_ \inftW-Z1exp\left (-{E-\infty-Z\over T-e}\right )\,\rm cm-3/sec,

\leqno{(12)}$$

w: ,,ere $E-\irfty-Z$ is the ionization energy.

-1-tron-ion radiative recombination rate $\left ( e + N(Z) \rightarrow

':'.Z 1)*h\nu \right )$ for $T-e/Z-2 \approxlt 400\,{\rm e'.'$ (Ref. 37):
ailpha-r(Z =5.2 \times 10 {-14}Z \left (fE-\infty7\vrTe

.1 '~~:t){1/2} \big[ 0.43 + fl \over 2} \ln(E-.\inftyZ/T-e) \leqno(13)$$

$S\qquaad\qquad\qquad +0.469(E_\infty-Z/T._e)-{-1/3} \b-.- \,{\rm cm-3/sec}.$$

rr$1\,{\rm eV} < T-e/Z-2 < 15\,{\rm eV}$, this becomes aoproximately$-{35}$

.t\alphar(Z)=2.7\times 10{ -13} Z_2{T .e}--1/2}\,{\rm cm-3/sec.'\1eqnoa{(14"}55

* Collisional (three-body) recombinat-on rate for singly ionized plasma:${39}T

$$\alpha_3=3.75\,times ID-{-27}{T..e}{: -4.5}\,{\rm cm-6/sec}.\leqrno{(I5)I$$

* Photoionztio. cross section for ions in leve l $n, 1$ (short-v.avelengthi-o. t

rigm}(nl)m 1.54 \times I0{I6Z5,n2 7+2l} \rm cm-2,

ithe wavenumber in Rydbergs (IVRydberg r07\i-e
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3GClassical ionization cross-section for any atomic shell j

(11) = 6 x 10-14 bjgj(x)/Uj 2 cl 2

Here bj is the number of shell electrons; Uj is the binding energy of th.
ejected electron; x = E/Uj, where E is the incident electron energy: and g
is a universal function with a minimuni value Ymiin , 0.2 at x - 4.

Ionization from ion ground state, averaged over Maxwellian electron dis-
tribution, for 0.02 < T,/E z < 100 (Ref. 35):

(T/Z 1/2 /E
(12) S(Z) 10  Texp ) n/

(EZ ) 3 /2 (6.0 + T/EZ) kx T/

where E z is the ionization energy.

Electron-ion radiative recombination rate (e + N(Z) N(Z- 1) + Ilt)
for T, /Z 2 < 400eV (Ref. 37):

( E[043/ + l ln(E EZ /T )

(13) (,.Z) 5.2 x 10-14 0.43- I

_0.4G9(EZ/T,)1/31 cm 3 /see.
J

[' ,i I ,V < 7, /Z< < 15 (V. this beCOles approximIately 3

(Ii , ,.(Z) = 2.7 x 1()-13Z 2 T, -1/2cm /scc.

('1, i-i,,ial ( thliree-bdy ) reo ll)iulatioIl rate for singly ionized plasma: 3 S

lY3 8.75 x 1( 27"T, N C / .

lliiitiiz,at lll (lo.. s(,i.tlI for ioils in level i. I (sho)rt-wavelength limit):

Bli) a i(rh(..) = 1.6-× () - 1G Z'/ +3 7 +21 (l2

wh4ire A is the waVct iillI)r in Ili yRvdl rgs (1 IPyll'rg 1.0974 X 105 c-i - -'

.'
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{\headfont Ionization Equilibri um Models)

\ inndent

Saha equilibrium:${ 39}$

$${!L-eN.A\hbox{ *}(Z) \over N.n\hbox{*}(Z-13}r6.O\times .0{f2}{g..VZ {TK32

\over gn- Z- l})\exp\lef t(-{E.\inf ty-Z(n,l1) \over T.e}\right)\,{\rm cmjt{-3},

\leqno{(171$$

where $g-nZ$ is the statistical weight for level $n$ of charge state

$Z$ and $E-Ainfty-Z(n,l)$ is the ionization energy of the neutral atom 4

initially in level $(n, 1)$, given by Eq.-(2).

In a steady state at high electron density,

S${N-eN\hbox{*I(Z) over N\hbox{*}(Z-1)}={S(Z-1)\over\alpha-3}, \leqno{(18)}$$

a function only o' $T$.P

Conditions for LTE:${ 39}$

* (a) Collisional and radiative excitation rates for a level $n$ must satisfy

* $$Yj nml\approxgtloAjfnm) .\leqno{(19)}$$

(b) Electron density must satisfy

$Srf-e\app~roxgt 7ttimes 10Y{18}U7n{ -17/2} (T/Ej\infty-Z)-{1/2} {\rm crnP{-3}.

* \leqno{(20)}$$

* Steady state condition in corona model:

* $$ {N(Z-l) \over H(Z)} = {\alphajr \over S(2-1)). \leqno{(21)}$$

,:.;rorna model is applicable if$V{40}$

where It-It is the ionizat ion time.

vfil .eect'55a
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Ionization Equilibrium Models

N, N, *(Z) =JT 3/2) E Z0 1 T 3  1))(17) N ,,*(Z X 10)

where Z is the sttisticatl weight for level n. of chatrge- staite Z and~ E Z ('1. 1)
is the( iOniizationi energy of the iieiitral attoni iniitially inl le!vel (1.. 1). given
by Eq. (2).

Ill a stvea(ly stte at. high electroni (Iiility.

N, N*(Z) _S(Z - 1)
(i)N*(Z - 1) (V 3

at fiin''tionl onily of T.

Condlitionis for LTE: 3 9

(at) Collisionial andi~ radiattive excitattioni rte(s for aL level i. iiiiist satisfy

S(h)) Eh(tr011 (1lisity iwust sattisfy

(201) N, > 7 x 1O~Zu 1 /(TI/E Z1/(

- ~St (';(l (I v state (:011(1 itiO 1 ill (oroll a 1110(1del:

(21) N(Z - 1) ______

N(Z) S(Z-1)

* (or I ll 10(h~ is, I S ic h if,40

(22 1( 1 < N, < (1(1G, 7/2 (111-.

\V ef j is the iolli'/,aiol I lin.
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5% {\headfont RadiationI

\inndent

{\it NA\ B.) Energies and temperatures are in eV; all other quantities are in

* cgs units except where noted. $Z$ is the charge state ($Z=O$ refers to a

neutral atom); the subscript $e$ labels electrons. $N$ is number density.

* Average radiative decay rate of a state with principal quantum number $n$

is

$$A _n=\sum-jm<n}A-{nm}=1.6\times 1O-{1O}Z-4n-{-9/2}\,\rm sec. \leqno{(23)j$$

Natural linewidth $(\Delta E$ in eV):

.5. $$\Delta E \,\Delta th=4.14\times 1O-{-151\,{\rm eV\,sec}, \leqno{(24)1$$

w.here $\Delta t$ is the lifetime of the line.

Doppler width:

* $$\Delta \lambda/\lambda=7.7\times 10{ -S} (T/\mu){i1/21,\leqno{(2S)1$$
* where $\mu$ is the mass of the emitting atom or ion scaled by the proton mass.

Optical depth for a Doppler-broadened line:$M 391$

$$\tau=1.76\times 1OM -131\lambda(Mc-2/kT)Y{1/2}NL=5.4\times

10-{-9}\lambda(\mu/T)-{1/2}NL,\leqno{(26)}$$

where $\lambda$ is the wavelength and $L$ is the physical depth of the plasma;

$'-$, $13, and $T$ are the mass, number density, and temperature of the absorber;

$\mu$ is $M$ divided by the proton mass. Optically thin means $\tau < 1$.

Resonance absorption cross section at center of line:

* $$\sigra-\lambda=\lambda-c}=5.6\times 1O-{-131 \lambda- 2/\Delta
J 1lambda\.{\rm cm}-2. \leqno{(27)}$$

W,

Yien displacement law (wavelength of maximum black-body emission):

* ~$$\lambda_{\max}=2.S0\times l-5T-\,rmcml.\leqno{(28)}$$

Radiation from the surface of a black body at temperature $T$:

* $$Y=!1.3\times1OST-4\,{\rm watt/cm}-2. \leqno{(29)}1$$

* \vfil\eject\end
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Radiation

A. B3. Energies and templeratulres are in eV, all other quantities are'
III cgs-- linlits e'xcep)t where noted. Z is the charge state ( Z -0 refers t0 aL

l t ra';l at oin): the sublscrip~t c labels electrons. N is numnber density.

y\e rage radiative decay rate of a state with p~rincip~al quantumn number 11,

23 At A,,, 1.6 x 10 1( z n 9/2 sC

Fit < 71

*Nt ora;l lIIlt'Widltll ( AE ini (N):

A1 AEAt - It 4.14 x 10- cV sec,

whlire A t is the lifetimei of the line.

Doppler widlth:

(25) A,\/,\ = 7.7 x 1-(lt)/

where It is the mass of the emitting atomn or ion scaled by the proton mass.

( )pti(7al (lT)tll for a Doppler-broadened line: 3 9

(26) -r =1.76 x 10-1 A,(Mc/ kT) 1/2NL =5.4 x 10-9A(t/T) 2NL.

\v11(re A Is the Wavelength and L is the phlysical depth of the plasmla: Ml.
N. and T are the mass, numbler dlensity, and temiperature of the ab~sorber:

1, is d(ividedl by the proton miass. Optically thin meanis 7 < 1

B es0itance ab~sorption cross section at center of line: U

13

(2 7) 5. 6 x 10 A /AAci.

Wieni (I i splacce int law ( WavelengthI of niaxi inini lack-b1) (y vii i55ioi):

(28) A,,,, = 2.'~50 x 10-5Tl 1 ri

R;a Ii ati on frOIII t.C lesit faLCe of aL 1 1Lck 1)od(y at teiip eratu lre T':

(29) W 1.03 x 105T 4 wtt/cm 2 .i
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Bpresstiphlpt from hydrogen-like plasma:$-{ 2 61$ r

$$-~mBrJ-=1.69\times 10{ -32}N-e{T-e)-{1/21\sum\left[Z-2N(Z)\right]\,{\rm

watt/cm1-3 ,\leqno{(30)1$$

where the sum is over all ionization states $Z$.

Bremsstrahlung optical depth:$-{411$

$$\tau=S.O\times 1O-{-38NeN-xZ-2 \overlinefg}LT-{-7/2} ,\leqno{(31)}$$

where $\overlinefgI \approx 1.2$ is an average Gaunt factor and $L$ is the

physical path length.

Inverse bremsstrahlung absorption coefficient$V{42}$ for radiation of angular

frequency $\omega$:

$$\kappa = 3.1\times1O{ -7}Zfn~e1-2 \in \Lambda \,T-{-3/2} \omega'{-2}

(i-\omega-p-2/\ornega-2)-{I/2}\,{\rm cm}-{-1};\qquad\leqno(32)$$

here $\Lambda$ is the electron thermal velocity divided by $V'$, where $'J$ is

the larger of $\omega$ and $\ornega-p$ multiplied by the larger of $Ze-2/kT$ and

$\hbar /(mkT)-{1/2}$.

Recombinat ion (free-bound) radiation:

$$P-r=1.69\times 1O-{-32'}N-eT-e{}'{1/2} \sum \left E Z-2N(Z) \left(
{E_\infty-{Z-1}\over T-e} \right) \rightl\,{\rm watt/cm}-3. \leqno{(33) $$

Cyclotron radiation$-{261$ in magnetic field {\bf BI:

$$P-c6.21\times 1O{ -23}B-2NeT~e\,{\rm watt/cmJ}3. \leqno{(34)1$$

For $N-_ekT _e = _, ikT_ i =B-2/16\pi$ ($\betal$, isothermal plasma),$-{26}$

$$P-c=5.O\times 1O{ -- 3SNe2Te2\,{\rm watt/cm}-3. \leqno{(35)j$$

Cyclotroin radiation energy loss $e$-folding time for a single electron:$-f41l$

Ttc\apprcx {9.O\times 1O-8B-{-2} \over 2.5 + \gammal\,{\rm sec},

wr. re $\,gamma$ is the kinetic plus rest energy divided by the rest energy

Tmc-2.

Fumber of cyclotron harmnnics$-f4 1}$ trapped in a medium of finite depth $!-$:

t~m\mtr}=(S7\beta BL)Y{1/6}, \leqno{(37)}$$

,,:here $\betar3'\ni NkT/B-2$.

.:erad iat ion is given by sumiming Eq. (9) over all spec ies; in the plasma.

57a 9
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Brelnsstrahlung fromi hydrogen-like plasma: 26G

(30) PBr = 1.69 x 10-3 NteTel/2 zj ZN (Z)]I watt/C111 3

where the sumi is over all ionization states Z.

-. Brenisstrahlung optical depth:4 1

(31) r=5.0 x( 10- 3 8 NNi Z 2 LT -7 2 .

where 9 ; - 1.2 is an average Gaunt factor and L is the physical path length.

Inverse brernsstrahlung absorption coefficient 4 2 for radiation of angulair

* frequiency w:

(3) =3.1 x 10- Znrl. 2 InI A T- 2 w 2 ( - 1/) 1

hiere A is the electron thermal velocity divided by V, where V is f lie lairger
Oft W Lnd Uw) multiplied by the larger of Zc I/kT and( Tbl( inkT 1/

R ecomb~ination (free-bound) radliation:

32 -1/2 29~ 3(33) P, = 1.69 x 10) 3 N(T( , ZN()( T wat I/CIII.

Cyvclot ron radiation 26 ill IIIatgIIe t. hfIe B:

(34) P,. = 6.21 x 10 B2 N, T( watt/cm3 .

For N, k T, Ni k Ti = B 2 / 167r (13= 1. isot hermial plasxi 2 G

'r 38 2 2 3.
~P,. 5.00 x< 10 N T tt/( 111

Cyc'lot ronl radiation enlergy loss v -foling time for i singujv clectron:4

X.( x 1O,-'

'.Vivre y is the kinetic pilus rest, leergy (livided l)V t l)e rest en (4,1"iy m

>N1lIller (f cyclotron llh;LI-iIIOIIiCs 41 tri;p ed l i d ili uiii of' fillitfv 'lptl 1,:

(37) ru,= (57,1131.L1)

where 3 = 87rNAkT/B.
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